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11. 
PREFACE 
The work presented in this thesis embodies the 
studies carried out over a period from January, 1977, 
to October, 1979, in the Biochemistry Department in the 
John Curtin School of Medical Research, The Australian 
National University, under the supervision of Dr. Harry 
Rosenberg. A part of this work has been published. 
L.M. Russell and H. Rosenberg. 1979. 
Linked transport of phosphate~ potassium 
and protons in Escherichia coli. 
Biochem. J. 184:13-21. 
The Introduction (Section I) to this thesis contains 
only material which was available when this study was 
commenced. In general, this is material which was 
published before January, 1977. Other relevant 
publications which appeared after this date have been 
included in later chapters. An important body of 
unpublished information was available from work done 
previously or concurrently in our laboratory. Where this 
information has been included, it is acknowledged as 
personal communications. 
The experimental aspects of this study fall into three 
categories. These have been written up and discussed as 
such, in three separate Sections, but every attempt has 
been made to relate the findings between Sections. 
The abbreviations used are those recommended by the 
Journal of Bacteriology. 
Throughout this thesis, the two main groups of 
energized transport systems are referred to as PMF-driven 
... 
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and ATP-driven, respectively. It is acknowledged that, 
especially in the case of the so-called ATP-driven systems, 
such descriptions are a simplification of what is almost 
certainly a more complicated energy coupling, but the 
terminology is expedient and established. 
All gene positions given refer to the recalibrated 
Escherichia coli K12 linkage map (Bachmann et al ., 1976). 
Abbreviations commonly used: 
ADP 
AMP 
Asi 
ATP 
ATP'ase 
c-AMP 
CCCP 
DCCD 
D A 
D p 
EDTA 
Enz IIsugar 
F-6-P 
FDP 
glu 
glut 
glut H2 
G-6-P 
glyc 
GP 
GP 
adenosine 5'-diphosphate 
adenosine 5'-monophosphate 
inorganic arsenate 
adenosine 5'-triphosphate 
membrane-bound, energy-transducing 
adenosine triphosphatase (other 
ATP'ases are qualified by stimulatory 
ions) 
adenosine 3' ,5'-cyclic monophosphate 
carbonylcyanide m-chlorophenylhydrazone 
, '-dicyclohexylcarbodiimide 
deoxyribonucleic acid 
2,4-dinitrophenol 
ethylene diamine tetra-acetic acid 
enzyme II complex of the PTS which 
exhibits specificity towards the 
named sugar 
fructose-6-phosphate 
fructose-1,6-diphosphate 
D-glucose 
glutamate 
glutamine 
glucose -6-phosphate 
glycerol 
DL - - glycerophosphate 
B-glycerophosphate 
GTP 
HPr 
lac 
mtl 
M-1-P 
MDP 
aMG 
aMG-6-P 
NAD, NADH 
NEM 
PEP 
Pi 
Pit 
PMF 
PMS 
Pst 
PTS 
RNA 
succ 
Tris 
unc 
lV. 
guanosine 5'-triphosphate 
heat-stable phosphoryl carrier protein 
of the PTS 
substrate affinity constant of a 
transport system 
lactate (DL form unless specified) 
D-mannitol 
mannitol-1-phosphate 
mannitol-1,6-diphosphate 
methyl-a-D-glucopyranoside 
methyl-a-D-glucopyranoside-6-phosphate 
nicotinamide adenine dinucleotide and 
its reduced form 
N-ethyl maleimide 
phosphoenolpyruvate 
inorganic phosphate 
phosphate (inorganic) transport system 
protonmotive force 
This term is used interchangeably with 
that of the electrochemical proton 
force 6µH+. It is composed of the 
electrochemical potential gradient across 
the membrane (6 ~ ) and the pH gradient 
across the membrane (6pH ). 
6µH+ (in mV) = 6~ + 2 -~RT 6pH 
phenazine methosulphate 
phosphate (specific) transport system 
phosphoenolpyruvate: sugar phospho-
transferase system 
ribonucleic acid 
succinate 
tris-hydroxymethyl-aminomethane 
a lesion (unspecified) which results in a 
mutant which is uncoupled with respect 
to the ATP'ase 
v. 
SYNOPSIS 
The concomitant movements of protons and potassium 
ions with phosphate uptake has been studied for both the 
Pit and the Pst phosphate transport systems in Escherichia 
coli K12. The uptake of phosphate by both systems has an 
obligatory requirement for the presence of at least 50 µM 
potassium ions in the external medium. 
A quantitative relationship had previously been 
shown to exist between the initial rates of uptake of 
protons and phosphate, and of potassium ions and phosphate. 
-
The values of these relationships vary with the external 
pH, and a decrease in the K+/Pi ratio is accompanied by an 
increase in the H+/Pi ratio. The results are not 
significantly different for the two phosphate transport 
systems. 
It is proposed that the potassium ion requirement 
for phosphate uptake is connected with the maintenance of 
a constant cytoplasmic pH, which is accomplished by the 
exchange of potassium ions for protons which have been 
symported into the cell with phosphate. A similar obligatory 
potassium ion requirement for the uptake of anions such as 
glutamate, aspartate and glutamine supports this hypothesis. 
The effect of pH on phosphate uptake into cells 
carrying the Pit system demonstrates a dependence of Pi 
uptake in this system on the 6pH component of the proton-
motive force. Phosphate uptake in cells carrying the Pst 
system is not greatly affected by the pH. However the 
effect of the uncoupler carbonyl cyanide m-chlorophenyl-
hydrazone on phosphate uptake across the pH range 5.5-7.5 
does indicate that the Pst system is not independent of the 
Vl. 
protonmotive force. 
Once taken into the cell, the phosphate is quickly 
withdrawn from the intracellular phosphate pool and 
esterified. The major portion of the intracellular 
esterified phosphate exists as mannitol-1-phosphate. 
A rapid equilibrium exists between the phosphate in the 
mannitol-1-phosphate and that in the intracellular 
phosphate pool. The experimental evidence presented is 
consistent with the hypothesis that this equilibrium is 
mtl 
mediated by the Enzyme II complex of the phospho-
transferase system. 
The exchange of intracellular and extracellular 
phosphate which is characteristic of the Pit system does 
not have a requirement for external potassium ions, and 
does not appear to involve nett proton movement. It is 
proposed that the repression of this exchange which is 
observed in cells grown on carbohydrates which enter the 
cell on the phosphotransferase system is due to lowered 
intracellular levels of adenosine 3' ,5'-cyclic mono-
phosphoric acid, caused by inhibition of adenylate cyclase. 
This in turn may be linked with a requirement of exchange 
for a phosphorylated protein. 
.. 
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SECTION I 
GENERAL INTRODUCTION 
1. 
A. GENERAL FEATURES OF CELLULAR PHOSPHATE TRANSPORT 
Phosphate is an integral constituent of essential cell 
components and metabolites, and the mode of its transport 
into the cell, as well as its fate following entry, vary 
widely. The properties of a number of Pi transport systems 
have been described; in bacteria such as Micrococcus pyogenes 
(Staphylococcus aureus) (Mitchell, 1953; 1954), Bacillus 
cereus (Rosenberg et al.~ 1969), Streptococcus faecalis 
(Harold et al.~ 1965), Escherichia coli (Rosenberg et al.~ 
1977) and Micrococcus lysodeikticus (Friedberg, 1977a), in 
yeasts (Goodman & Rothstein, 1957; Borst-Pauwels et al.~ 1962; 
Blasco et al.~ 1976), in Anacystis nidulans (Batterton & van 
Baalen, 1968), Euglena (Blum, 1966) and Tetrahymena (Pruett 
et al.~ 1967), in a marine fungus (Siegenthaler et al.~ 1967), 
in fertilized sea urchin eggs (Chambers & Whiteley, 1966) and 
in red blood cells (Vestergaard-Bogind, 1963; Gomperts, 1969). 
Despite this diversity of organisms, and the acknowledged 
variety of transport modes, the transport of Pi in all these 
cell types shares a number of unifying features. 
In all of these cases, the accumulation of Pi has been 
shown to be energy dependent, and as such, sensitive to 
metabolic inhibitors such as iodoacetate, N-ethyl maleimide 
and cyanide (Goodman & Rothstein, 1957; Whiteley & Chambers, 
1966; Pruett et al.~ 1967; Rae & Strickland, 1975; Friedberg, 
1977a). The inhibitory effects of sulfhydryl-blocking 
reagents have implicated a role for -SH groups in the membrane 
transport of Pi (Mitchell, 1954; Chambers & Whiteley, 1966; 
Medveczky & Rosenberg, 1971; Friedberg, 1977a). 
Arsenate is a substrate for the Pi permeation system, 
and inhibits Pi uptake competitively in the majority of 
2. 
these systems, although the degree of sensitivity to Asi 
varies (Mitchell, 1954; Rothstein & Donovan, 1963; Harold & 
Baarda, 1966; Rosenberg & LaNauze, 1968). Arsenate is a 
toxic analogue of Pi in many intracellular reactions. As a 
competitive inhibitor of Pi-dependent enzymes such as the 
phosphorylases and those involved in oxidative phosphoryl-
ation, Asi affects metabolic functions other than Pi 
transport (Jung & Rothstein, 1965; Harold & Baarda, 1966). 
Cells loaded with Asi lose the ability to take up Pi, Asi 
itself and other metabolites, apparently due to the 
uncoupling of ATP generation (Harold & Baarda, 1966). This 
may in turn be due to the effect of Asi on glyceraldehyde-
3-phosphate dehydrogenase (Velick & Furfine, 1963). While 
Asi sensitivity has proved a useful tool in isolating Pi 
transport mutants in bacteria (Harold & Baarda, 1966; 
Bennett & Malamy, 1970; Friedberg, 1977a), the work of 
Sprague et al. (1975) has demonstrated that there is 
sufficient variation in Asi sensitivity and resistance among 
E. coli strains to cause some ambiguity. Arsenate resistance 
is a complex phenotype, and is not always suitable for use as 
a selected phenotype when studying Pi transport (Yagil & 
Be' er i, 19 7 7) . 
A typical characteristic of Pi transport systems is the 
ability of Pi-depleted cells to take up Pi at an accelerated 
rate and to an enhanced extent (Blum, 1966; Batterton & van 
Baalen, 1968; Rosenberg et al .~ 1969; Medveczky & Rosenberg, 
1971). In B. cereus (Rosenberg et al.~ 1969) and E. coli 
(Medveczky & Rosenberg, 1971) the rate of Pi transport is 
increased twice and twenty times respectively during Pi 
3. 
starvation, whereas in M. lysodeikticus the rate is increased 
by a factor of 40-100 (Friedberg, 1977a). The rapid and 
extensive Pi uptake by M. lysodeikticus previously subjected 
to Pi starvation is followed by a decrease of the total Pi 
levels within the cells, after a maximal level has been 
achieved. This phenomenon of "overplus accumulation" (Liss & 
Langen, 1962) is known in other microorganisms, and was 
explained as a result of regulatory mechanisms of poly-
phosphate metabolism (Harold, 1966). 
M~ny Pi transport systems have requirements for the 
presence of metal ions. Wacker and Williams (1968) postulated 
that increases in intracellular Pi in a large variety of 
living systems cause a concomitant increase in the levels of 
2+ + Mg and K, and a corresponding decrease in the intracellular 
2+ + levels of Ca and Na . Potassium ions stimulate Pi uptake 
in E. coli (Medveczky & Rosenberg, 1971), S. faecalis (Harold 
& Baarda, 1968), M. lysodeikticus (Friedberg, 1977a) and in 
yeast (Goodman & Rothstein, 1957). Monovalent ions are not 
required for the uptake of Pi in B. cereus (Rosenberg et al.~ 
1969) or in Euglena (Blum, 1966). In marine organisms, Na+ 
is necessary for Pi uptake (Whiteley & Chambers, 1966; 
Siegenthaler et al.~ 1967). Some systems also show a 
requirement for Mg 2+ (Chambers & Whiteley, 1966; Medveczky 
& Rosenberg, 1971). The exact nature of these metal ion 
requirements for Pi transport has not been elucidated. 
In some organisms, Pi transport is a unidirectional 
process, as in sea urchin eggs (Chambers & Whiteley, 1966), 
yeast (Goodman & Rothstein, 1957) and S. faecalis (Harold 
et al.~ 1965), but in many systems extracellular Pi is 
exchanged with the intracellular Pi pool (Mitchell, 1954; 
4 • 
Bennett & Malamy, 1970; Rosenberg et al., 1977). The 
ability of transport systems to mediate exchange may depend 
upon the immediate fate of Pi upon entering the cell. In 
S. faecalis, intracellular Pi is rapidly incorporated into 
the glycolytic intermediates of the Embden-Meyerhof pathway 
(Harold et al., 1965). In M. lysodeikticus, most of the Pi 
taken up into the cell is subsequently polymerized. The 
polymerized phosphate is located in granular, electron-dense 
structures which account for about half the phosphate content 
of the cell (Friedberg & Avigad, 1968). There is evidence 
that in yeast Pi is incorporated mainly into ATP and GTP 
(Borst-Pauwels et al., 1962). 
In a number of organisms, more than one transport 
system for the uptake of Pi has been demonstrated. These 
systems may have arisen as a means of enabling the cell to 
have access to an essential metabolite under a variety of 
possible physiological conditions. A similar diversity is 
also seen in the bacterial transport systems for amino acids 
(Slayman, 1973). As many as three, kinetically distinct, Pi 
uptake systems have been proposed for Saccharomyces 
cerevisiae (Leggett, 1961), although Borst-Pauwels et al. 
(1965), in the same yeast, found only one system under a 
variety of conditions. The yeast Candida has two Pi transport 
systems; one is constitutive, with a low substrate affinity 
(KT=l.3 mM), and a second transport system, with a higher 
substrate affinity (KT= 4.5 µM ), is induced by Pi deprivation 
(Blasco et al ., 1976). There is only one Pi transport system 
in B. cereus, and this system is able to transport not only 
Pi and Asi, but also pyrophosphate and phosphite (Rosenberg 
et al., 1969). 
5 • 
Wild type S. faecalis has been shown to possess two 
distinct Pi transport systems (Harold et al.~ 1965), both 
of which also transport Asi (Harold & Baarda, 1966). The 
major uptake system has an apparent KT for Pi of 10 µM across 
the pH range 5-9, and a K. for Asi of 3 µM (Harold et al.~ 
l 
1965; Harold & Baarda, 1966). The second, minor transport 
system has a peak of activity around pH 5.5-6.0, and is 
essentially non-functional above pH 7.0. The KT is dependent 
upon the external pH, but it has been postulated that this is 
due to the pH affecting the transport system, rather than the 
effective concentration of the substrate (Harold et al.~ 
1965). In M. lysodeikticus two types of arsenate-resistant 
mutants have been isolated (Alfasi et al.~ 1979). However 
these workers suggest that this does not indicate the 
possibility of two distinct Pi transport systems as in 
E. coli (Willsky et al.~ 1973; Rosenberg et al.~ 1977) and 
S. faecalis (Harold et al.~ 1965; Harold & Baarda, 1966), 
but rather, that the Pi transport system in M. lysodeikticus 
is composed of at least two functional components. The 
apparent KT of Pi transport in this organism is 4.3 µM 
(Friedberg, 1977a). This is similar to the KT values 
described for other bacteria (Medveczky & Rosenberg, 1971; 
Harold et al.~ 1965). The external pH has a mild effect on 
the initial rates of Pi uptake in a wide range from pH 5 to 
pH 9. Two peaks of activity, at pH 8.0 and 6.5, were 
observed (Friedberg, 1977a). Finally, as will be discussed 
later in detail, two major systems for the uptake of Pi 
E. coli have been characterized (Willsky et al.~ 1973; 
Rosenberg et al .~ 1977). 
. in 
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B. THE DRIVING FORCE FOR PHOSPHATE TRANSPORT 
Bacteria have developed different kinds of transport 
systems which can be distinguished by biochemical and 
genetic methods, as well as by their mode of action. There 
are two recognized modes of energy coupling for the 
accumulation of an ionic solute such as Pi by a bacterial 
species such as E. coli. Transport of many substances in 
E. coli is coupled to the protonmotive force (PMF), an 
electrochemical gradient for protons composed of a pH 
gradient ( 6pH) and an electrical potential difference 
(6~) (Mitchell, 1973). The interior of the cell is alkaline 
and negative (Hirata et al.~ 1973). The PMF can be generated 
either by the proton-pumping oxidative reactions of electron 
transport (Scholes & Mitchell, 1970), or by the hydrolysis 
of ATP by the energy-transducing (Ca 2+, Mg 2+)-stimulated 
ATP'ase (West & Mitchell, 1974; Hertzberg & Hinkle, 1974). 
Protonmotive force-driven transport can be energized 
artificially by an imposed pH difference (Flagg & Wilson, 
1976) or by an imposed potential difference across the cell 
membrane (Hirata et al.~ 1974). The high activity of PMF-
driven transport systems in membrane vesicles indicates 
that only membrane-bound components are necessary fo r this 
type of coupling (Kaback, 1972). 
The transport of a number of other substances seems to 
be driven by ATP, or some other high-energy phosphate 
compound, and is independent of the PMF (Berger, 1973). To 
date, all such systems described in Gram-negative bacteria 
include, as a necessary component, a periplasmic "binding 
protein'' which can be removed by osmotic shock (Heppel, 1 971). 
The inability to demonstrate ATP-driven systems in membrane 
7 • 
vesicles is attributed primarily to the loss of these 
periplasmic proteins (Boos, 1974). The requirement for a 
high-energy phosphate compound, and possibly an associated 
enzyme system, within the vesicles also poses considerable 
experimental difficulty. 
Gram-positive bacteria such as S. faecalis have no 
periplasmic binding proteins, but also employ ATP as an 
energy donor for transport. Both the Pi transport systems 
in this organism require ATP generation, and Pi uptake is 
not affected by agents which dissipate the PMF (Harold & 
Spitz, 1975). Conditions can be found which render the Pi 
uptake subject to inhibition by proton conductors, but this 
has been traced to their effect on the cytoplasmic pH 
(Harold & Spitz, 1975). 
C. PHOSPHATE TRANSPORT IN ESCHERICHIA COLI 
The early studies towards an understanding of Pi 
transport in E. coli were beset by a variety of conflicting, 
and often irreconcilable, results. These arose mainly from 
the fact that different laboratories were using different 
strains, mutant in any of the several genes that affect Pi 
transport. Much of this confusion was cleared when, in 1973, 
Willsky, Bennett and Malamy showed that Pi transport 
. in 
E. coli K12 was carried out primarily by two distinct uptake 
systems. The presence of two Pi systems had previously been 
moo t ed (Bennett & Malamy, 1970; Medveczky & Rosenberg, 1971). 
Willsky et al . 1973) designated the two systems "Pit" 
(phosphate inorganic transport) and "Pst" (phosphate specific 
transport) . For the Pit system, one gene pit, mapping at 
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minute 76 on the E. coli linkage map (Bachmann et al.~ 1976) 
has been described (Sprague et al.~ 1975). The Pst system 
depends upon the presence of the phoT gene (minute 82) for 
full activity (Willsky et al.~ 1973). Another gene, phoS, 
closely linked to phoT, codes for a Pi binding protein which 
forms an essential part of the complete transport process 
. in 
the Pst system (Gerdes et al.~ 1977). Each of these loci is 
involved in the regulation of alkaline phosphatase synthesis 
in E. coli (Echols et al.~ 1961). The involvement of a third 
gene, pst, in the Pst system has been claimed (Willsky et al.~ 
1973; Sprague et al.~ 1975; Bachmann et al.~ 1976), but its 
function is unknown. 
The claims of Willsky et al. (1973) that the inducible 
transport systems for a-glycerophosphate (GlpT), (Lin et al.~ 
1962) and glucose-6-phosphate (Uhp), (Kornberg & Smith, 1969) 
were also involved in transporting Pi as a secondary substrate 
have not been substantiated. Neither system can transport 
sufficient Pi to sustain the growth of strains lacking both 
the Pit and Pst systems (Sprague et al.~ 1975). 
Mutations in either phoS or phoT result in the 
constitutive synthesis of alkaline phosphatase (Garen & 
Otsuji, 1964). The Pi binding protein, which is a phoS gene 
product, has been shown to be identical with the R2a protein 
described by Garen and Otsuji (1964), and demonstrated by 
them to be involved in the regulation of alkaline phosphatase 
synthesis (Gerdes & Rosenberg, 1974). The mechanism of the 
control of alkaline phosphatase synthesis by phoS or phoT 
products is unclear. It is unlikely that it is exerted 
through their influence on intracellular Pi levels, since 
E. coli strains that carry either a phoS or a phoT mutation 
9. 
have fully derepressed alkaline phosphatase levels, while 
maintaining normal rates of Pi transport through the Pit 
system and a normal intracellular Pi pool (Rosenberg et al., 
1977). 
E.coli contains the Pi binding protein coded for by 
4 the phoS gene in amounts exceeding 2 x 10 molecules per 
cell. This protein is located in the periplasmic space, and 
80% is released by osmotic shock (Medveczky & Rosenberg, 
1970). The binding protein has a molecular weight of 42,000, 
with no evidence for subunits or aggregation (Medveczky & 
Rosenberg, 1970). It contains neither cysteine nor 
methionine, and has an affinity constant for Pi in the region 
-6 
of 10 M (Gerdes & Rosenberg, 1974). 
Osmotic shock, causing release of the binding protein, 
greatly inhibits Pi transport (Medveczky & Rosenberg, 1970). 
In initial experiments, lost uptake could not be restored by 
the addition of Pi binding protein, but in milder cold shock, 
where loss of Pi binding protein and uptake were less than 
50%, apparent restoration of uptake could be achieved upon 
the addition of Pi binding protein (Medveczky & Rosenberg, 
1970). Failure to consistently reproduce this reconstitution 
to the extent reported led to a further investigation of cold 
shock effects (Rae et al.~ 1976). Cells treated by mild cold 
shock were shown to spontaneously recover Pi transport in a 
way which mimicked the reconstitution proc ess. This recovery 
does not involve protein synthe sis, since it took place in 
the presence of chloramphenicol (Gerdes et a l.~ 1977). These 
problems were avoided by studying reconstitution in sphero-
plasts made from strains which depend entirely on the Pst 
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system for Pi transport. Substantial and reproducible 
reconstitution of Pi uptake was demonstrated in this system, 
and shown to be highly specific for the Pi binding protein 
(Gerdes et al.~ 1977). The need for specific interaction of 
the binding protein with another component of the Pst system 
when reconstituting Pi uptake was demonstrated by its failure 
to do so in spheroplasts of a phoT strain (Gerdes et al.~ 
1977). 
The experiments which indicated that there was more 
than one system responsible for Pi uptake in E. coli were 
studies using Asi as an analogue for Pi (Medveczky & 
Rosenberg, 1971; Bennett & Malamy, 1970; Willsky et al.~ 
1973) . The presence of the Pit system was shown to confer 
Asi sensitivity. Mutants carrying only the Pst system are 
relatively insensitive to Asi (Sprague et al., 1975). It has 
been reported that the Pst system does not carry out the 
uptake of Asi (Willsky et al.~ 1973). However there is now 
a question of whether this lack of Asi transport is absolute, 
or is due to a 40-fold lower ratio of the Pi/Asi substrate 
affinities in the Pst system than in the Pit system 
(Rosenberg et al.~ 1977). Mutations in the phoS gene were 
claimed to lead to an altered specificity for the Pst system, 
so that this transport system can accept Asi as an 
alternative substrate under some conditions (Willsky et al.~ 
1973; Willsky & Malamy, 1974), but no change in Asi 
sensitivity has been found in phoS mutants which were Pi-
deprived (Rosenberg et al.~ 1977). Both the GlpT and Uhp 
systems, when present and induced, lead to Asi sensitivity 
(Silver, 1977) . 
When E . coli is grown in media devoid of Pi, the 
internal Pi pool is depleted. This is rapidly filled, within 
11. 
1-2 minutes, when these cells are presented with Pi. The 
capacity of this pool is 10-12 nmol Pi/10 9 cells (Medveczky 
& Rosenberg, 1971). The pool can be preloaded by adding Pi 
to the exact capacity, when rapid 32 P entry into the pool 
cannot be demonstrated (Medveczky & Rosenberg, 1971; Rae & 
Strickland, 1976). Cells grown in the presence of Pi have a 
fully loaded pool at harvesting. This pool can be depleted 
if the cells are deprived of Pi for 2 hours (Medveczky & 
Rosenberg, 1971). Once the Pi pool is filled, the rate of 
uptake of Pi is dependent upon the subsequent esterification 
of Pi and its incorporation into more complex molecules 
(Medveczky & Rosenberg, 1971). 
The Pit system is constitutive, and is not affected by 
Pi deprivation (Rosenberg et al.~ 1977). The Pst system was 
originally also described as constitutive (Willsky et al.~ 
1973). However, although this system does operate in cells 
grown on media containing Pi at concentrations of 1 mM or 
higher, growth on limiting Pi, or deprivation of Pi, leads 
to a considerable increase in the rate of transport (Rosenberg 
et al.~ 1977). Under these conditions, the concentration of 
the Pi binding protein increases about 100-fold (Willsky & 
Malamy, 1976). Phosphate starvation fails to alter the low 
uptake rate in phoS mutants (Rosenberg et al.~ 1977). 
The maximal velocity values for the Pit system and the 
derepressed Pst system are similar (60 nmol Pi/min/mg dry 
wt.), but the affinity for the substrate is higher by two 
orders of magnitude in the Pst system than in the Pit system 
(Rosenberg et al .~ 1977). The Pit system has an apparent KT 
for Pi of 25 µM (K. Asi=30 µM) , (Rosenberg et al .~ 1977). 
i 
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In Pi-starved cells, the Pst system has an apparent KT for 
Pi of 0.2 µM (K. Asi=6.0 µM) (Rosenberg et al.~ 1977). A 
l. 
phoS mutation had little effect on the affinity, but reduced 
the maximal velocity by a factor of about 15 (Rosenberg et al.~ 
1977). A decreased affinity for Pi was observed in phoS 
mutants by Willsky and Malamy (1974). A possible explanation 
for this difference in KT values may lie in the fact that the 
latter workers used cells grown on lmM Pi, in which the phoS 
product was present at only 1% of maximal values (Willsky & 
Malamy, 1976). It has also been observed that the phenotypic 
expression of the phoS mutation may be influenced by the 
genetic background of the recipient (Willsky & Malamy, 1976). 
If excess Pi is added to cells loaded with Asi, there 
is an immediate and rapid efflux of previously accumulated Asi 
(Bennett & Malamy, 1970). However, in reciprocal experiments, 
Asi does not fully "chase" previously loaded Pi. This was 
attributed to esterification of a large fraction of intra-
cellular Pi (Bennett & Malamy, 1970). Initial results with 
exchange could not be repeated consistently; the exchange 
reaction was therefore investigated in strains bearing only 
one of the Pi transport systems (Rosenberg et al.~ 1977). The 
two systems were demonstrated to have very different exchange 
reactions. In lactate-grown cells, the Pit system was shown 
to catalyze a rapid and complete exchange of intracellular Pi 
for extracellular Pi or Asi. Under the same conditions, only 
about 20% of exchange of Pi was catalyzed by the Pst system. 
For reasons which were not understood, the exchange phenomenon 
seen in cells carrying the Pit system was "repressed" when 
these cells were grown on glucose. In suitably induced cells, 
13. 
the two transport systems operate in concert to fill a 
common Pi pool. All of the Pi accumulated in this pool is 
accessible to exchange via the Pit system (Rosenberg et al.~ 
1977). 
32 
Rae and Strickland (1975) investigated the fate of P 
in glucose-grown cells of an E. coli K12 strain. They found 
that in the first minute of uptake there was rapid 
incorporation of 
32 P into the Pi pool, but that a significant 
proportion of 32 P (40-50% of the total) was esterified. This 
held true, albeit to a lesser extent, when uptake times as 
short as 10 seconds were examined. 
. 
A progressive increase in 
the incorporation of label into nucleic acids and phospho-
lipids was found after the first minute. Although ester-
ification of Pi commences soon after it enters the cell (Rae 
& Strickland, 1976), Pi is taken up, as such, against a 
steep concentration gradient (400-500x), (Rae & Strickland, 
1976; H. Rosenberg, personal communication). This system 
allows the organism to accumulate an essential ion from 
highly dilute solution at a rate exceeding the rate of its 
utilization. Such a system must confer an obvious advantage 
on the organism. The system is reminiscent of Pi transport 
in B. cereus (Rosenberg et al.~ 1969), but in contrast to 
that in yeast (Borst-Pauwels et al.~ 1962), where Pi is 
esterified upon entry. 
The effects of various metal ions on Pi uptake in 
E. coli have been investigated. As early as 1949, Roberts 
et al. reported that in E. coli the uptake of Pi during 
glucose metabolism was greater in the presence of K+, and 
that the effect of K+ concentration on Pi uptake showed 
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saturation. Later studies reinforced this association 
between Pi and K+, when the primary effect of K+ limitation 
on cells was shown to be the inhibition of Pi uptake 
(Weiden et al.~ 1967). + If K was omitted from the medium , 
E. coli lost the capacity to take up Pi, but it was reported 
that this K+ requirement could be satisfied by Rb+ 
(Medveczky & Rosenberg, 1971). An early report of an E. coli 
mutant impaired in the accumulation of K+ linked this with a 
defect in Pi accumulation (Damadian, 1967). Stimulation of 
Pi uptake by K+ has been demonstrated in S. faecalis (Harold 
& Baarda, 1968), yeast (Goodman & Rothstein, 1957) and 
M. lysodeikticus (Friedberg, 1977a). Medveczky and Rosenberg 
(1971) reported a Mg 2+ requirement for Pi uptake. This may 
reflect the Mg2+ requirement of the ATP'ase. The inhibitory 
ff t f · 2+ d 2+ . ( d k e ec so Ni an Mn on Pi transport Me vecz y & 
Rosenberg, 1971; Rae & Strickland, 1976) can be explained by 
their competitive effect upon Mg2+ transport (Silver & Clark, 
1971) . . 
The use of the appropriate energy inhibitors can enable 
elucidation of the modes of energy coupling to the two Pi 
transport systems. With hindsight, and with the two systems 
finally well characterized in this respect, the somewhat 
confusing information yielded by the earlier experiments (see 
for example, Medveczky & Rosenberg, 1971; Rae & Strickland, 
1976) can now be more readily interpreted than was the case 
at the time. A considerable portion of Pi uptake in E. coli 
K12 was demonstrated to be resistant to the effects of 
uncouplers such as 2,4-dinitrophenol (0.4-10 mM) and CCCP 
(50 µM). This uncoupler-resistant transport was insensitive 
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to anaerobiosis or to the addition of 10 rnM KCN (Rae & 
Strickland, 1975; 1976). The same studies revealed that an 
ATP'ase-negative mutant could actively transport Pi under 
anaerobic conditions. All anaerobic Pi uptake was abolished 
by Asi (100 µM) and iodoacetate (100 µM), both of which 
inhibit glycolysis at the glycerol-3-phosphate dehydrogenase 
step (Velick & Furfine, 1963). Under aerobic conditions, only 
part of the uptake was sensitive to these inhibitors (Rae & 
Strickland, 1976). 
Rae and Strickland (1975; 1976) were able to conclude 
from these results that part of the transport of Pi in K12 
cells must be energized by a mechanism other than the PMF. 
They were led to speculate that "some part of the Pi transport 
would seem to occur via direct coupling to a step in glyco-
lysis or to ATP utilization via a mechanism other than that 
involving the ATP'ase" (Rae & Strickland, 1975). The Pi 
binding protein was implicated, and an analogy could be drawn 
with other "shock sensitive permeases" described by Berger and 
Heppel (1974). On the other hand, there was evidence in these 
inhibitor studies, and from other sources (Rosenberg et al.~ 
1975), that some part of the Pi transport was energized by the 
PMF (Mitchell, 1966). 
Experiments carried out using strains bearing only one 
Pi transport system finally elucidated the nature of the 
energy coupling for each system. Rosenberg et a l . (1977) 
showed that at pH 7.0, the energy-supported uptake of Pi is 
abolished by CCCP (40 µM) in the Pit system, but not the Pst 
system, thus demonstrating that Pi uptake in the Pit system 
is coupled to the PMF across the membrane (Mitchell, 1966; 
16. 
1970). The Pst system, on the other hand, is a typical 
representative of that class of uptake systems which are 
driven by ATP (or some derivative of ATP) and which require 
a binding protein (Berger, 1973). 
The teleological reasons for the existence, in the 
same organism, of a proton-coupled transport system and an 
ATP-coupled transport system for the same substrate can only 
be guessed at. The proton-linked systems have the virtues of 
versatility and genetic economy, as only one membrane 
componen-t need be specified. The ATP-driven systems can 
achieve higher concentration gradients and are less subject 
to leakage when the energy supply becomes limiting (Harold, 
1977). This is an obvious benefit in a system such as the 
Pst system which plays its major role when Pi concentrations 
are low. 
At the beginning of 1977, when the work which is 
incorporated into this thesis commenced, the two Pi transport 
systems of E. coli were characterized with respect to the 
genetic loci involved, their kinetic parameters, and their 
general mode of energy coupling. Further elucidation was 
needed in order to obtain the kind of information that was 
already becoming available for the Pi transport systems of 
S. faecalis and M. lysodeikticus. 
It was anticipated that a study of the effects of pH 
on Pi uptake by both transport systems would provide valuable 
information, as pH changes could be expected to a f fect the 
PMF across the membrane, the charge(s) on the carrier protein, 
and also the concentration of the Pi species which interacts 
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with the carrier system. The use of uncouplers in such 
experiments would enable further interpretation of the way 
in which the PMF is linked to the energization of Pi uptake 
in the Pit system. 
Attention was also drawn to the possible symport and 
antiport of ions in response to Pi movement. Mitchell's 
+ 
chemiosmotic theory led naturally to a role for H, and 
symport of protons had been confirmed for Pi uptake in 
mitochondria (Mitchell & Moyle, 1969) and S . f ae ca li s 
(Harold & Spitz, 1975). 
intimated (Harold, 1977). 
+ A possible role for K was also 
Whether or not Pi transport 
involved the concomitant movement of K+ , there was evidence 
+ 
for a dependence of Pi transport on the presence of K 
which warranted further investigation. 
Some information was available on the fate of Pi upon 
entry into the cell, and also on the phenomenon of Pi 
exchange as observed in the Pit system. Further studies in 
this area were needed to clarify the relationship between 
the common Pi pool shared by both transport systems, the 
exchange of extracellular Pi and Asi with this pool via t he 
Pit system, and the metabolism of the Pi drawn from this 
pool. 
SECTION II 
GENERAL MATERIALS AND METHODS 
18. 
A. CHEMICALS 
All chemicals used were of the highest purity 
available commercially. 
Ribonuclease A (RNA'ase) was from Worthington Bio-
chemical Corporation, New Jersey. Deoxyribonuclease I 
(DNA'ase) (bovine pancreas) was from Calbiochem-Behring 
Corporation, La Jolla, California. Lysozyme was from Fluka 
A.G., Buchs, Switzerland, and alkaline phosphatase was from 
Sigma, St. Louis, Missouri. The enzymes used for the 
estimations of phosphorylated glycolytic intermediates were 
all from Boehringer, Mannheim, W. Germany. 
Carbonyl cyanide m-chlorophenylhydrazone (CCCP) was 
obtained from Sigma. Stock solutions were made up in 
absolute alcohol. 
Valinomycin (Sigma) for use on the K+-sensitive 
electrode membrane was made up in solution in diphenyl ether. 
Solutions of adenosine 3' ,5'-cyclic monophosphoric 
acid (c-AMP) (Sigma) were made up in 50 mM triethanolamine-
) 
HCl (TEA-HCl) buffer (pH 7.0), and the pH brought to 6.5 or 
7.0 as required with TEA base. When needed, the solutions 
were sterilized by filtration. 
Polyvinyl polypyrrolidone (PVPP) was obtained from 
Fluka. 
B. RADIOISOTOPES 
[ 42 K]Potassium chloride (240 kBq/mmol) and carrier-free 
[ 32 P]orthophosphate (8 GBq/mmol) were from the Australian 
Atomic Energy Commission, Lucas Heights, New South Wales. 
L-[u-14c]Glutamate (2 GBq/mmol), L-[u-14c]proline 
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(10 GBq/mmol), L-[u14c]mannitol (2 GBq/mmol), methyl 
( a-D-[u14c]gluco) pyranoside (8 GBq/mmol) and L-[u-14cJ 
glutamic acid (8 GBq/mmol) were all purchased from The 
Radiochemical Centre, Amersham, U.K. 
The labelled compounds were diluted appropriately (with 
or without carrier) before use. 
C. BACTERIAL STRAINS 
The sources and derivation of the bacterial strains 
used, together with the relevant genetic information, are 
given in Tab. II.l. 
D. TRANSDUCTIONS 
Transductions of pit and phoT into the desired 
recipients were carried out with phage Plkc grown on Cl0la, 
using the method of Pittard (1965). Strains carrying pit 
were selected for resistance to arsenate on minimal medium 
plates containing 1 mM Pi and 30 mM Asi. The use of Asi to 
select Pi transport mutants is discussed by Rosenberg et al. 
(1977). Arsenate-resistant strains were further checked for 
the lack of constitutive alkaline phosphatase, and the 
effect of starvation on the rate of Pi uptake. Strains 
carrying phoT were selected for their ability to grow on 
minimal medium plates containing 100 mM Pi and 10 mM 8-
glycerophosphate as the sole source of carbon . Growth on 
these plates indicated the presence of constitutive alkaline 
phosphatase, the presence of which was further established by 
the assay method of Bracha and Yagil (1969). The ability of 
Strain 
AN710 
Kl0 
AN259 
AN1088 
AN248 
Cl0la 
BJ9 phoT90 
Table II.l. Strains of Escherichia coli Used, with Relevant Genotype and Source 
Relevant Genetic Loci 
phoTl0l, argH, entA 
pit 
argH, entA 
pit, argH, entA 
ilvC, argH, entA 
pit, phoTl0l 
pit, phoTl0l, argH, entA 
Source and Other Information 
Rosenberg et al., 1977 
B. Bachmann, CGSC No. 5023 (Derivative of 
Hfr Cavalli, Echols et al., 1961) 
Gift from G. Cox (Butlin et al., 1973) 
Isolated after transduction with strain 
Kl0 as donor and strain AN259 as 
recipient, followed by selection for 
arsenate resistance. 
Gift from G. Cox (Butlin et al., 1973). 
Obtained from A. Garen (Garen & Otsuji, 
1964). 
Gift from R. Janki. Isolated after trans-
duction with strain Cl0la as donor and 
strain AN248 as recipient, followed by 
selection on a-glycerophosphate and 
arsenate. 
N 
0 
Strain 
10B5 
El5 
Lin 11 
Lin 236 
Lin 238 
Lin 239 
Frag 5 
2Kl33 
2Kl42 
Table II.l Cont'd. 
Relevant Genetic Loci 
pit-1, pst-2, glpR2, glpD3, phoA8 
relAl, tonA22 
pit, phoA 
leu-6, thi-1, lacZ4, strA8, supE44 
leu~6, thi-1, lacZ4, mtlA9, strA8, 
supE44 
leu-6, thi-1, lacZ4, mt1Cl2, strA8, 
supE44 
leu-6, thi-1, lacZ4, mt1Dl3, mtlC12, 
strA8, supE44 
kdpABC5 
thi-1, kdpABC5, trkA133 
thi-1, kdpABC5, trkE142 
Source and Other Information 
B. Bachmann, CGSC No. 5506 (Sprague et al., 
1975). 
Gift from M. Schlesinger (Derivative of 
Kl0 Cavalli, Fan et al., 1966). 
B. Bachmann, CGSC No. 5558 (Solomon & Lin, 
1972). 
B. Bachmann, CGSC No. 5684 (Solomon & Lin, 
1972). 
B. Bachmann, CGSC No. 5561 (Solomon & Lin, 
1972). 
B. Bachmann, CGSC No. 5562 (Solomon & Lin, 
1972). 
B. Bachmann, CGSC No. 4832 (Epstein & 
Davies, 1970). 
B. Bachmann, CGSC No. 4836 (Epstein & Kim, 
1971). 
B. Bachmann, CGSC No. 4837 (Epstein & Kim, 
1971). 
t\.) 
~ 
Strain 
2K401 
TADll0 
LMR 5-1 
LMR 5-2 
LMR 110-1 
Table II.l Cont'd. 
Relevant Genetic Loci 
thi-1, kdpABC5, trkD, trkA401 
thi-1, trkA, trkD 
kdpABC5, pit 
kdpABCS, phoTl0l 
thi-1, trkA, trkD, pit 
Source and Other Information 
B. Bachmann, CGSC No. 4838 (Epstein & Kirn, 
1971. 
Gift from K. Altendorf (TADll0 is 
probably identical with TK510, Rhoads & 
Epstein, 1978). 
Isolated after transduction with strain 
Cl0la as donor and strain Frag 5 as 
recipient, followed by selection for 
arsenate resistance. 
Isolated after transduction with strain 
Cl0la as donor and strain Frag 5 as 
recipient, followed by selection on 
S-glycerophosphate. 
Isolated after transduction with strain 
Cl0la as donor and strain TADll0 as 
recipient, followed by selection for 
arsenate resistance. 
N 
N 
Strain 
LMR 110-2 
LMR 401-1 
LMR 401-2 
Table II.l Cont'd. 
Relevant Genetic Loci 
thi-1, trkA, trkD, phoTl0l 
thi-1, kdpABCS, trkD, trkA401, pit 
thi-1, kdpABCS, trkD, trkA401, 
phoTl0l 
Source and Other Information 
Isolated after transduction with strain 
Cl0la as donor and strain TADll0 as 
recipient, followed by selection on 
S-glycerophosphate. 
Isolated after transduction with strain 
Cl0la as donor and strain 2K401 as 
recipient, · followed by selection for 
arsenate resistance. 
Isolated after transduction with strain 
Cl0la as donor and strain 2K401 as 
recipient, followed by selection on 
S-glycerophosphate. 
N 
w 
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these strains to show Pi exchange was also checked. 
E. MEDIA AND BUFFERS 
0 All pH values are given at 37 C. 
1. Growth Media 
Cells were grown in a medium which contained 
(NH 4 ) 2so4 (15 mM), K2HPO 4 (61 mM), NaH 2Po 4 (39 mM), and 
Mgso4 (1 mM), the pH adjusted to 6.8 with HCl. This medium 
was supplemented with carbon source (usually 20 mM), and 
thiamine (3 µM). Arginine (1 mM), 2,3-dihydroxybenzoate 
(10 µM) and leucine (1 mM) were added where required. 
Growth supplements were added as sterile solutions to the 
sterilized mineral salts base. 
Strains carrying lesions in both the Pit and Pst 
systems were grown on 56LP medium (Sprague et al.~ 1975) 
containing Tris-(hydroxymethyl)-aminomethane-HCl (Tris-HCl) 
(100 mM), KCl (10 mM), (NH 4 ) 2so4 (15 mM), MgC1 2 (10 mM), 
NaH 2Po4 (1 mM), and casamino acids 0.1%, the pH adjusted 
to 6.8 with HCl. 
2. Phosphate-free Medium 
This was used to deplete the cells of Pi, and for 
Pi uptake studies. It contained TEA-citrate (50 mM with 
respect to TEA), KCl (15 mM), (NH 4 ) 2so4 (10 mM), and 
Mgso 4 (1 mM), the pH adjusted to 6.5 with citric acid. 
3. Uptake Medium for 14c-carbon Substrate Studies 
This was either growth medium or the phosphate-
free medium with the addition of 50 µM NaH 2Po4 . 
4. Wash Solution 
This was used for washing membranes during Pi uptake 
studies. It contained TEA-citrate (10 mM with respect to TEA), 
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KCl (100 mM), (NH 4 ) 2so4 (10 mM), and MgSO4 (1 mM), the pH 
adjusted to 6.5 or as required with citric acid or KOH. 
5. Potassium-free Medium 
This was used for K+ uptake studies. It 
contained choline-Cl (20 mM), TEA-citrate (50 rnM with 
respect to TEA), and Mgso4 (1 mM), the pH adjusted to 6.5 
or as required with citric acid or LiOH. This medium was 
also used in place of the wash solution in 42 K uptake 
studies. 
6. Minimal Medium Plates 
These plates were made from growth medium with 2% 
Bactoagar (Difeo). Sterile carbon source (20 rnM), growth 
supplements and other supplements were added to the auto-
claved solution before pouring into sterile petri dishes. 
For plates for the selection of phoT mutant strains, the 
growth medium was replaced with phosphate-free medium to 
which 1 rnM NaH 2Po 4 was added. 
F. CELL GROWTH 
Cells were grown aerobically at 37°c with shaking at 
300 revs/min in volumes of 50 ml in 150 ml flasks in an 
Orbital shaking water bath, or in volumes of 500 ml in 2 L 
flasks in a New Brunswick Gyrotory shaker. 
Cell densities were measured as extinction at 660 nm in 
a Gilford 300 spectrophotometer and expressed as mg dry wt. / 
ml by using an experimentally derived factor (E~~~ of 1.0 = 
0.43 mg dry wt./ml). 
26. 
G. PREPARATION OF CELLS FOR UPTAKE STUDIES 
Cells were harvested in the stationary phase after 
overnight growth (16 h) on 20 mM carbon source, except where 
stated otherwise. When needed, exponential phase cells were 
obtained by growth on limiting carbon source, followed by 
supplementation of the carbon source as described by Simoni 
and Shallenberger (1972). Cells were washed three times with 
the appropriate uptake medium and suspended in that medium at 
E 660 of 0.35. 
Where Pi-starved cells were required, the harvested 
cells were washed twice with phosphate-free medium and 
resuspended in this medium at E660 of 0.3-0.4, supplemented 
0 
as for growth, and shaken at 37 C for 2 h to deplete the cells 
of Pi and to induce maximal Pi uptake rates (Rosenberg et al., 
1977). The cells were then washed three times in uptake 
medium to remove any residual carbon source, and suspended at 
E 660 of 0.35. 
14 To obtain maximal rates of uptake of C-carbon 
substrates, cells, after washing and resuspending in uptake 
medium, were shaken at 37°c for 30 min in the absence of an 
energy source. These cells were then used without further 
washing. 
Cell suspensions were stored in the refrigerator at 
4°c for up to 2 h until required. 
H. MEASUREMENT OF UPTAKES 
The cell suspensions (usually in aliquots of 2.5 or 
5.0 ml) in 25 ml Pyrex flasks, supplemented with an energy 
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source, were shaken at 300 revs/min at 37°c in an Orbital 
shaking water bath for 5 minutes. Uptake was initiated by 
adding labelled substrate of the appropriate specific 
activity to the required concentration. Samples (0.5 ml) of 
the cell suspension were withdrawn at the appropriate times 
after the start of uptake, and were filtered through cellulose 
nitrate membranes (pore size 0.45 µm). The membranes were 
washed by two 2 ml volumes of the wash solution, automatically 
delivered by apparatus as described in Rosenberg (1979a). 
The membranes containing 
14
c-labelled cells were dried, 
dissolved in scintillant (0.5% 2,5-diphenyloxazole (PPO) 
xylene/Triton 114 (2:1 by volume)) and counted for radio-
. in 
activity in a Packard Tricarb liquid scintillation counter, 
Model 3320. The washed, damp membranes containing 
42 K- or 
32P-labelled cells were glued upside-down to planchets, dried 
and counted for radioactivity in a Nuclear Chicago gas flow 
counter. 
Control filtrations (without cells) were performed to 
correct for background radiation and non-specific adsorption 
of radioactive material to the filters. Such non-specific 
adsorption was small. Cell densities were routinely 
measured after the completion of the uptake assay as 
described above. Corrected values of counts of cellular 
radioactivity were expressed as nmol of substrate taken up/ 
mg dry wt. of bacterial mass, using standard counts for 
specific radioactivity carried out daily. 
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I. PREPARATION OF SPHEROPLASTS 
Spheroplasts were prepared from cells grown overnight 
on glucose as a carbon source and depleted of Pi in the 
usual way. These cells were centrifuged, washed twice in 
30 mM TEA-HCl buffer (pH 7.0) and suspended at a density at 
660 nm of 1.6 in 50 mM TEA-HCl-30 % sucrose (pH 8.0) 
containing 200 µMethylene diamine tetra-acetic acid (EDTA) 
(TEA-salt). 0 The mixture was swirled gently at 24 C for 
2 min, after which lysozyme solution (1 mg/ml in water) was 
added to a final concentration of 30 µg /ml. Swirling was 
continued for 25 min, then MgC1 2 was added to 20 mM, and 
0.1 mg/ml each of DNA'ase I and RNA'ase was added to clear 
the debris (Kaback, 1971). At this stage the preparation 
was examined under the microscope to check spheroplast 
formation. The spheroplasts were recovered by centrifugation 
at 39,000 g for 3 min at 15 ° c, suspended in 50 mM TEA-HCl-30% 
sucrose (pH 7.0) in one half the volume of the digest, and 
stored on ice. 
J. MEASUREMENT OF PHOSPHATE UPTAKE IN SPHEROPLASTS 
The "scaled-down" assay developed by Gerdes et al. 
' 
(1977) was used to measure the transport of 32 P into sphero-
plasts. Assays were carried out at pH 7.0. 
K. PREPARATION OF MEMBRANE VESICLES 
The membrane vesicles used were prepared from strain 
AN710 by Dr. Wil Konings. The vesicles had been prepared 
by the method of Kaback (1971) from spheroplasts lysed in 
50 mM potassium phosphate, pH 6.6. They were then washed 
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and resuspended in 50 rnM imidazole-HCl (pH 6.6) to a protein 
concentration of 5-10 mg/ml (Konings & Rosenberg, 1978). 
The membrane vesicles were stored in aliquots of 0.5 ml in 
liquid nitrogen. When required, they were quickly thawed 
and then stored on ice. 
L. MEASUREMENT OF PHOSPHATE UPTAKE IN MEMBRANE VESICLES 
32 The uptake of P by membrane vesicles was measured by 
a modification of the method of Kaback (1971). All uptakes 
were carried out at 37°c in small glass tubes (1 cm diameter ) , 
the contents of which were stirred by a stream of water-
saturated, warmed oxygen. Aliquots of 10 µl of membrane 
vesicles in 50 µl of buffer (50 rnM imidazole, 20 rnM KCl, 
2.5 rnM MgC1 2 , the pH adjusted as required with HCl or KOH) 
were equilibrated for 5 min before the addition of 20 mM Na 
1 f 1 · 32 dd d f. 1 t. D- actate. Ater min, P was a e to a ina concentra ion 
of 0.83 rnM. The uptake reaction was terminated by the addition 
of 2 ml of 0.1 M LiCl at room temperature, followed by 
filtration through cellulose nitrate membranes (pore size 
0.45 µm). The filters were washed with 2 ml of 0.1 M LiCl , 
32 
and dried and counted as described in the normal P uptake 
procedure. Blanks to compensate for non-specific adsorption 
and the appropriate standards were also prepared and counted. 
M. ASSAY PROCEDURES 
Inorganic phosphate was estimated by the method of 
Harris and Popat (1954 ) . 
Protein was assayed according to the p rocedur e o f 
Lowry et al . ( 19 51 ) . 
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The presence of alkaline phosphatase was determined 
by the method of Bracha and Yagil (1969). 
N. ANALYSIS OF INTRACELLULAR ACID-SOLUBLE PHOSPHATE 
Samples of cells incubated with 32 P in the standard 
transport assay were filtered through cellulose nitrate 
membranes (pore . size 0.45 µM) and washed as usual. Each 
membrane was immediately placed into 2.5 ml of 0.75N 
0 HC10 4 , with 0.1 mM H3Po4 as carrier Pi if necessary, at O C. 
Extraction of acid-soluble material was complete after 10 
minutes of gentle agitation. The acid extract was 
centrifuged to remove bacteria which became dislodged from 
the filter. Samples (0.1 ml) of the clear extract were 
mixed with 50 µl of 5% NH 4 molybdate and shaken with 2.0 ml 
of isobutanol-benzene (1:1 by volume). Each layer was 
counter-washed twice, made up to 10 ml with ethanol, and 
counted using Cerenkov radiation. All samples were 
compensated with quantities of "aqueous" and "butanol-benzene" 
phases respectively to make them chemically similar for 
counting, and appropriate blanks and standards were also 
counted. 
In the later experiments, the analysis of intracellular 
phosphate was carried out using a modification of the method 
of Ohnishi (1978). The method was miniaturized to 200 µl of 
10 % PVPP slurry per column, prepared in plastic pipette tips 
with a plug of cotton wool. Samples to be analyzed (from 
membranes extracted in 0.25N HC10 4 as above) were mixed with 
1 M Na acetate and 5% NH 4 molybdate (4:1:5 by volume) and 
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analyses proceeded with 200 µl samples of this mix. 
Cerenkov radiation was used for counting, and standards 
(200 µ1) of the assay samples were counted in 200 µl of 
molybdate wash to enable calculation of recovery rates, 
which averaged 90-95%. Artificial mixtures of mannitol-1-
32 32 . [ P]phosphate and P have been used to check separation 
and recovery rates. 
SECTION III 
LINKED TRANSPORT OF PHOSPHATE, POTASSIUM IONS 
AND PROTONS IN ESCHERICHIA COLI 
32. 
A. INTRODUCTION 
The cellular transport of K+ is a universal feature 
of life. All known free-living cells and most cells in 
multicellular organisms maintain intracellular concentrations 
of K+ higher than those found outside the cells (Krogh, 1946). 
The intracellular K+ concentration in E. coli is determined 
largely by the osmolarity of the external medium (Epstein & 
Schultz, 1965; 1968) and is virtually independent of the 
concentration of K+ in that medium (Schultz & Solomon, 1961). 
+ Intracellular K ranges from 150 mM to nearly 600 mM, 
depending upon the osmolarity of the medium in which the 
cells are grown (Epstein and Schultz, 1968). Osmotic 
regulation of intracellular K+ also occurs in Salmonella 
(Christian, 1955), and may be characteristic of many genera 
of bacteria. 
When E. coli is grown in media containing limiting K+, 
growth ceases some hours after the exhaustion of medium K+, 
even though the cell K+ content is still quite high. Such 
"K-limited" cells show marked changes in their composition 
and metabolism (Weiden et al.~ 1967). At the time when 
Weiden et al. investigated the effect of K+ limitation on 
E. coli~ the requirement of microorganisms for K+ had been 
related to the role of this ion in several metabolic 
processes (Roberts & Roberts, 1950). Potassium was known to 
activate numerous cell enzymes, including those involved in 
protein synthesis (Lubin & Ennis, 1964), and to act as an 
osmotic solute for the cell (Epstein & Schultz, 1965). The 
cessation of bacterial growth, and the decrease in glucose 
uptake and oxygen consumption observed in "K-limited" cells 
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could not be interpreted in terms of the known functions 
of K+, and thus were evidence for an additional role for K+ 
in cell metabolism. This role was in the uptake of Pi into 
the cell. All the metabolic effects of K+ limitation can be 
attributed to the decline of Pi uptake, which is directly 
related to an absence of K+ from the extracellular medium 
(Weiden et al.~ 1967). 
In 1949, Roberts et al. reported that in E. coli the 
uptake of Pi during glucose metabolism was greater in the 
presence of K+. They demonstrated that the transport of K+ 
was an active process, and that the effect of K+ concentration 
on Pi uptake showed saturation. This association between K+ 
and Pi was reinforced when a report of an E. coli mutant 
impaired in Pi accumulation linked this with a defect in K+ 
accumulation (Damadian, 1967). Stimulation of Pi uptake by K+ 
has been demonstrated in yeast (Goodman & Rothstein, 1957), 
S. faecalis (Harold & Baarda, 1968; Harold & Spitz, 1975) 
and M. lysodeikticus (Friedberg, 1977a). The K+ requirement 
for Pi uptake in E. coli could be satisfied by Rb+ (Medveczky 
& Rosenberg, 1971). In S. faecalis, as in many other 
bacteria, Rb+ supports growth as well as does K+ (Macleod & 
Snell, 1948; Lester, 1958; Harold et al .~ 1967). However, 
Rhoads et al. (1977) have reported that the K+ requirement 
for growth of E . coli is only partially fulfilled by Rb+. 
AK+ requirement for the active transport of solutes 
by bacteria has often been noted, but the actual function of 
K+ in such processes is unknown. The requirement may be for 
a high internal K+ concentration (Carter et al.~ 1968; Eagon 
& Wilkerson, 1972), but may also be for external K+ (Davies 
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et al., 1953; Willecke et al.~ 1973; Thompson & Macleod, 
1974). One way in which K+ may function is through the 
control of cytoplasmic pH (Harold, 1977). It has been shown 
repeatedly that K+ is required to establish a pH gradient 
(interior alkaline), presumably because K+ uptake compensates 
for the nett extrusion of protons. Potassium ions can also 
exchange for protons that enter the cell by symport with 
anionic metabolites, and thus increase the capacity of the 
cell (Harold & Altendorf, 1974). 
+ In bacterial cells, K transport is different from that 
in animal cells, since no ATP'ase with properties similar to 
those of the Na+- and K+-transporting ATP'ase of animal cells 
has been detected. Potassium accumulation in E. coli, as is 
typical of the accumulation of many solutes by bacteria, is 
performed by more than one system. Four independent systems 
+ have been identified for K uptake, and the mode of energy 
coupling for each system has been elucidated (Rhoads & 
Epstein, 1977; Laimins et al.~ 1978; Rhoads et al.~ 1978). 
Mutants for three of these individual transport systems have 
been isolated (Epstein & Davies, 1970; Epstein & Kim, 1971; 
Rhoads et al.~ 1976). 
The Kdp system is a repressible, high affinity system, 
+ -1 . -1 
with a KT for K of 2 µM, and V of 150 µmol.gm .min at 
max 
37°c (Rhoads et al.~ 1976). The system appears to be 
regulated indirectly by the K+ concentration of the growth 
medium to permit the cells to meet their K+ needs for growth. 
Thus the Kdp system is not synthesized except when there is 
a need to scavenge for K+ (in wild type strains), or to 
+ 
compensate for defects in other K transport systems (Rhoads 
et al.~ 1976). The system is coded for by a cluster of genes, 
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kdpABCD, at minute 15.5 on the E. coli chromosome map. The 
operon kdpABC is read A~ C; the kdpD is a separate 
translation unit and is the site of mutations making 
expression of the kdp genes partially constitutive (Epstein 
& Davies, 1970; Rhoads et al.~ 1978). 
The transport of K+ by this system is energized by ATP 
(Rhoads & Epstein, 1977), and initially this system was 
reported to be sensitive to osmotic shock (Rhoads e t al.~ 
1976) and having a periplasmic protein component (Rhoads & 
Epstein, 1977). However subsequent observations by the same 
workers failed to demonstrate the presence of a periplasmic 
protein or outer membrane component (Rhoads et al.~ 1978; 
Laimins et al.~ 1978). This system does share some 
similarities with the Na+-, K+-ATP'ase of animal cells, 
+ + but does not appear to perform K uptake coupled to Na 
extrusion (Laimins et al.~ 1978). 
The TrkA system is responsible for the bulk of the K+ 
uptake under most conditio~s. This is a constitutive system 
with a high rate and a modest affinity for its substrat e 
(KT of 1.5 mM; V of 550 -µmol.gm- 1 .min-1 ) (Rhoads et al .~ max 
1976). It is defined by mutations in the single trkA gene 
at about minute 72. The TrkD system is also const i t utive, 
+ - 1 . - 1 with a KT for K of 0.5 mM, and V of 40 -µ mol.gm .mi n at 
max 
30 ° c. The trkD gene locus is at minute 83 (Rhoad s et al.~ 
1976). These systems are singular a mong bacter i al t ransport 
systems to date, in requiring both the PMF a n d ATP for activity 
(Rhoads & Epstein, 1977; Rhoads et al .~ 1 978) . It has been 
proposed that this dual energy requi r ement can be interpreted 
as an ATP-driven system which is regulated by t he PMF (Rhoads 
& Epstein, 1977). Such a mode o f ener gy c o upl i ng would be 
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useful for transport systems involved in transporting a 
l . h + regu atory ion sue as K . The ATP requirement would also 
explain why these systems are not observed in membrane 
vesicles (Rhoads & Epstein, 1977). 
Mutants lacking all three of these saturable systems 
+ take up K slowly by a process called TrkF, whose rate of 
transport is linearly dependent on K+ concentration up to 
105 rnM (Rhoads et al.~ 1976). So far, no mutations have been 
identified for this system, but it has been characterized as 
PMF-driven (Rhoads & Epstein, 1977). On the whole, each of 
these systems appears to function as an independent path for 
K+ uptake, since the kinetics of uptake when two are present 
is the sum of each operating alone. This is not true for 
strains having both the TrkD and Kdp systems, where results 
indicate some interaction between these systems (Rhoads & 
Epstein, 1977). All four systems mediate K+ exchange, and 
the three major systems are inhibited by arsenate (Rhoads & 
Epstein, 1977). 
The description of these K+ transport systems still 
leaves three additional classes of mutants requiring high K+ 
concentrations for growth; those in the trkB, trkC and trkE 
genes. The trkB and trkC mutants are normal with regard to 
K+ uptake, but defective with regard to K+ retention (Rhoads 
et al.~ 1976). The trkE gene product is needed to obtain 
high rates of transport via the TrkA and TrkD systems 
(Rhoads et al .~ 1976). 
+ Rapid rates of K uptake can be produced in exponential 
phase cells by a sudden increase in osmolarity ("upshock") 
(Epstein & Schultz, 1965). The kinetics of K+ exchange in 
the steady state, and of nett K+ uptake after osmotic upshock, 
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have been reported for the four K+ transport systems (Rhoads 
& Epstein, 1978). For each system, the kinetics of these 
two modes of K+ transport differ from those for nett K+ 
+ 
uptake by K -depleted cells. Exchange by the Kdp and TrkA 
systems requires ATP, but is not dependent on the PMF (Rhoads 
& Epstein, 1978). Energy requirements for the Kdp system are 
thus identical, whether measured as nett K+ uptake or K+ 
exchange; the TrkA system is dependent on the PMF only for 
+ 
nett K uptake. The proposed regulatory influence of the PMF 
on the TrkA system (Rhoads & Epstein, 1977) can thus be 
interpreted as limiting this system to exchange, ~xcept when 
the PMF is high. 
Durgaryan and Martirosov (1978a, b, c) have also 
investigated the energy-dependent K+ accumulation by E. coli 
due to upshock, and the factors which affect this uptake. 
The conditions which were used were very dissimilar to those 
used by Epstein and collaborators, and this is presumably 
the reason for the differences between the kinetic parameters 
obtained. However, in general terms, the results of these 
workers do not contradict those of the Epstein group. 
Proton extrusion has been reported as the major ionic 
movement maintaining electroneutrality for K+ movement 
(Rhoads et al .~ 1976; Durgaryan & Martirosov, 1978c). However, 
+ 
in stationary phase cells which have elevated pools of Na , 
part of the K+ taken up is exchanged for Na+ (Schultz et al .~ 
1963). 
The basic mechanisms for K+ transport in E. coli appear 
very similar to those for transport of this ion in 
S . faecalis (Harold & Altendorf, 1974). The energy-dependent 
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uptake of K+ by S. faecalis appears to be in response to 
+ + 
the PMF, and occurs by exchange for Na and H (Harold 
et al.~ 1970a; Harold & Papineau, 1972). The PMF is 
2+ 2+ generated by the Ca -, Mg -ATP'ase (Harold & Papineau, 
1972), and the ATP'ase inhibitor DCCD inhibits nett K+ 
uptake (Harold et al.~ 1970a). This indicates that a PMF is 
required for K+ uptake, but does not prove direct PMF 
coupling. Such an observation could also be interpreted as 
indicating that the K+ uptake system(s) of S. faecalis is 
ATP-driven and closely regulated by the PMF, similar to the 
TrkA system. An interesting finding is that in S. faecalis, 
K+ exchange is ATP-dependent and PMF-independent (Harold 
et al.~ 1969). The possibility exists that the basic 
+ features of K transport systems in widely divergent bacteria 
may share common, fundamental properties in their energy 
coupling and regulation. 
The movements of K+
1
with Pi were of interest as part 
of the general question of cationic symport with the movement 
of Pi. The chemiosmotic theory predicts that the uptake of 
anions 3-such as Po 4 involves the cotransport
 of protons 
(Mitchell, 1966). Such a proton symport has been demonstrated 
for Pi and Asi in rat liver mitochondria (Chappell, 1968; 
Mitchell & Moyle, 1969), and for anions such as succinate in 
E. coli (Gutowski & Rosenberg, 1975). It has been proposed 
that the concentration gradients at the steady state of 
those solutes which are cotransported with protons are 
determined by the 6µH+ and the stoichiometry between protons 
and solute (Rottenberg, 1976). There is good evidence that 
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the uptake of Pi and of carboxylic acids by mitochondria 
conform to this expectation, but this is not always true for 
bacteria. In right-side-out membrane vesicles isolated from 
E. coli, gradients of accumulated solutes do not vary 
dramaticallywith external pH, while the 6µH+ does 
(Zilberstein et al.~ 1979). As part of this study, the 
movements of both H+ and K+ with E. coli, as prompted by the 
addition of Pi, were measured at varying external pH values. 
There has been no report of the symport or antiport of 
any metabolite with K+ in bacteria. An important aim of this 
project was to determine the extent of the mutual dependence 
of the processes of Pi and K+ transport. Using available 
mutants in the two Pi transport systems, and in the K+ 
transport systems, an attempt could be made to determine 
whether any of the K+ transport systems specifically 
interacts with one of the Pi transport systems. 
When this work was commenced, some preliminary studies 
+ had been made in this laboratory of the movements of K and 
H+ with Pi (H. Rosenberg, personal communication). These 
indicated that, under the appropriate conditions, the influx 
of both these cations into the c e ll could be measured in 
response to Pi uptake. The relat ionship between these ion 
movements was shown to be a quantitative one; at neutral pH 
values, K+/Pi approximated to 2, and H+/Pi was unity. The 
+ Pi-dependent K response was sensitive to NEM, and, in strains 
carrying the Pit system, to Asi. No other anions had been 
found to replace Pi in eliciting this K+ response. 
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B. METHODS 
The chemicals, radioisotopes and bacterial strains used 
have been detailed in Section II of this thesis. The basic 
procedures for cell growth and preparation, and the buffers 
and media involved, are also described in that section. 
1. Buffers 
For the measurement of potassium ion movements, the 
cells were suspended in a "potassium-free buffer", containing 
LiCl (20 mM), TEA-citrate (50 mM with respect to TEA), MgSO 4 
(1 mM), the pH adjusted with citric acid or LiOH. Where 
stated in the text, some experiments were carried out with 
choline-Cl substituted for LiCl, in the same concentrations. 
For proton movement studies, cells were suspended 
in a "lightly-buffered medium" containing KCl (100 wM), 
TEA-citrate (3-10 mM with respect to TEA), Mgso4 (1 m.M), the 
pH adjusted as required with KOH or citric acid. 
For the simultaneous measurement of both H+ and K+ 
ion movements, cells were suspended in a "lightly-buffered 
potassium-free medium" containing LiCl (20 mM), TEA-citrate 
(3 mM with respect to TEA), Mgso4 (1 mM), the pH adjusted 
with citric acid or LiOH. 
2. Preparation of Cells for the Measurement of 
Ion Movements 
Cells were grown to stationary or logarithmic 
phase, as required, and depleted of Pi by the usual procedure 
(see Section II). The cells were then washed three times 
with the appropriate buffer, resuspended in that buffer at 
E660 of 5.0, and stored at 4°c until required. 
Initially, cells used for studies of the dependence 
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of Pi transport on K+ concentration were also depleted of 
K+ by shaking in the potassium-free buffer at E660 of 0.3-
0.4 for 1 h. They were then washed and resuspended in the 
same buffer at E 660 of 5.0. When later studies showed that 
this procedure was inadequate, the washed cells, in 
potassium-free buffer at E 660 of 0.3-0.4, were depleted of 
K+ by shaking for 1 h at 37°c in the absence of an energy 
source and in the presence of 1 mM DNP. The cells were then 
washed three times, resuspended in the potassium-free buffer 
at the required density, and stored at 4°c. 
"Sodium-free" cells for studies of the effect of 
Na+ on Pi-dependent K+ uptake were grown overnight on 
modified growth medium, with all the Na+ salts replaced by K+ 
salts. The cells were starved of Pi in the usual way, and 
washed and resuspended in the required potassium-free buffer 
as described above. 
When required, cells for studies of glutamate-
stimulated K+ uptake were , grown on medium containing 150 mM 
glutamate as a nitrogen source, replacing the (NH 4 ) 2so4 
normally used. Glutamate also replaced the (NH 4 ) 2so4 in the 
medium used to deplete the cells of Pi. 
3. Measurement of Ion Movements 
All f d at 37 oc. assays were per orme 
The measurement of proton movements was carried out 
using a Radiometer electrode G202c. Potassium ion movements 
were monitored using a miniature K+-sensitive electrode 
developed in this laboratory (Rosenberg, 1979b). This is 
based on the measurement of a potential difference across a 
partition which incorporates valinomycin. Both electrodes 
were incorporated into the same water-jacketed vessel, the 
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contents of which were aerated and stirred. A separate, 
common reference electrode served both the H+- and K+_ 
sensitive electrodes. It was connected to the main 
electrode vessel through a salt bridge of 1% Agarose in the 
appropriate support medium. This prevented K+ leakage into 
the main vessel. Each electrode was connected to one input 
of a dual pen Rikadenki recorder through a Radiometer PM63 
meter and a voltage back-up device, set so that full-scale 
deflection equalled a change of 10 mV, representing 0.1 pH 
units, + or about 0.2 log[K ]. The responses of the instruments, 
in mV, were converted to molar ion movements by the use of 
the appropriate standards. The response of the K+-
sensitive electrode across a range of [K+] was identical for 
both choline- and Li-based buffers. 
The technique used for the concurrent measurements of 
32 14 42 P, C-glutamate or K uptake was basically as described 
in Section II. Samples of 100 µl were collected from the 
electrode vessel, diluted with 0.5 ml of suspending medium, 
filtered, washed and counted as appropriate. When needed, the 
supernatant from such samples could also be collected using 
the bottom half of a Swinnex adaptor to support the membrane, 
and a small vial beneath. 
4 . Measurements of the Uptake of Labelled Substrates 
The procedures used to measure the uptake of 32 P, 
42 14 14 . K, C-glutamate and C-proline were as detailed in 
14 Section II. All C-glutamate uptakes were carried out in 
the presence of 1 mM NaCl. 
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Unless otherwise stated, all experiments were carried 
out with glucose-grown cells. The exchange of intracellular 
and extracellular Pi which is characteristic of the Pit 
system in cells grown on carbon sources other than glucose, 
is repressed when such cells are grown on glucose (Rosenberg 
et al . ., 1977). Thus the use of glucose-grown cells avoided 
quantitative errors when comparing cation fluxes with the 
32 
observed rates of P uptake in cells carrying the Pit system. 
When other carbon sources were used for growth, the uptake of 
32 P in the absence of an added energy source was used as an 
index of the Pi exchange, and this value was subtracted from 
32 
all the P uptake values measured in the presence of an 
energy source. 
All adjustments of the medium K+ concentration and pH 
were made immediately prior to the experiment to be 
conducted. 
All additions were made as the Na+ or Li+ salts, 
adjusted to the appropriate pH. 
C. RESULTS 
1. Potassium-ion Dependence of Phosphate Uptake 
It had previously been demonstrated in this 
laboratory that Pi uptake by washed suspensions of E. coli 
was enhanced by the addition of KCl, but a basic rate of 
uptake was still observed when no such addition was made 
(Medveczky & Rosenberg, 1971). However E . coli , even after 
washing repeatedly in a potassium-free buffer, leaked K+ into 
the medium at both 22 ° c and 4° c, especially in the absen ce of 
an energy source. When introduced into the electrode v es s e l 
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Fig. III . l. + Leakage of K from Washed Cells. 
Cells of strain AN710 were starved of Pi and 
+ depleted of K by shaking in potassium-free 
buffer for l has described in Methods. The cells 
were then washed and resuspended in this buffer at 
E660 of 5 . 0 with 20 mM glucose, and introduced into 
the electrode vessel at 37 ° c. The electrode was 
calibrated by the addition of KCl (Rosenberg, 
1979b). 
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at 37°c after three washes, such cells showed a K+ 
concentration in the medium ranging from 10-100 µM, and 
increasing steadily with time (Fig. III.1). 
+ 
In order to deplete such cells of K sufficiently to 
avoid this leakage, the cells were starved in the presence 
of 1 mM DNP. This has been shown to lead to a rapid loss of 
K+ (Rhoads et al., 1976; Nakajima et al., 1979). When these 
cells were washed and introduced under standard conditions 
into the electrode vessel, the K+ concentration was below 
0.3 µM, and did not increase significantly over the next 
10 minutes. Such cells showed total dependence on added K+ 
for Pi uptake. Neither strain AN710 (Pit system), nor strain 
AN1088 (Pst system) took up Pi at K+ concentrations below 
50 µM~ Maximal rates of Pi uptake were not observed before 
+ the external K concentration reached 1 mM (Fig. III.2). 
The negligible uptake of 
32 P in cells which had been 
depleted of K+ by DNP treatment rose quickly to near maximal 
levels following the addition of 1 mM KCl. The same 
concentration of RbCl had only a small effect upon the rate 
of 32 P uptake (Fig. III.3). This is at variance with the 
result obtained by Medveczky and Rosenberg (1971), but in 
accord with those of Rhoads et al. (1977), who reported that 
f E -, . Rb+ . b . f + d 
8 6 b . 
or . co&~, is a poor su stitute or K, an R is not 
a satisfactory tracer for K+ fluxes. In cells carrying the 
TrkA system, Tl+ has been reported as a tracer for K+ (F.M. 
Harold, personal communication). The addition of 1 mM TlCl 
32 
prompted a considerable increase in P uptake in these cells 
(Fig. III.3). 
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+ The K Dependence of Pi Uptake 
+ Cells were depleted of K by DNP treatment as 
described in Methods, washed 3 times and 
suspended in potassium-free buffer (pH 6.5) 
containing 20 mM glucose. KCl was added to the 
required concentration (monitored with the K+ -
sensitive electrode) and the initial rates of 
32 P uptake were measured as described in 
Section II. 
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Fig. III.3. + + The Effect of K and Analogues of K 
on Pi Uptake 
Cells of strain AN710 (Pit system) were treated with 
DNP , washed and suspended in potassium-free buffer 
(pH 6.5) containing 20 mM glucose. The uptake of 
32 P was measured at 30 s intervals by the procedure 
described in Section II. At 1.5 minutes (arrow) 
the chloride salt of the ion to be examined was 
added to a final concentration of 1 mM. 
Control (no addition) 
• • K+ 
D--0 Rb+ 
L:x---6. Tl+ 
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2. Phosphate-dependent Potassium-ion Uptake 
+ The transport of K into cells, following the 
addition of Pi, was studied in the isogenic pair AN710 (phoT) 
and AN1088 (pit), possessing only the Pit or Pst systems 
respectively. The addition of Pi to equilibrated cell 
suspensions, in the presence of excess KCl and an energy 
source, caused a rapid inflow of K+ (Fig. III.4a). This 
phenomenon depended absolutely on the presence of an energy 
source (Fig. III.4b), and was abolished by NEM (H. Rosenberg, 
personal communication), an inhibitor of Pi transport 
(Medveczky & Rosenberg, 1971). Rosenberg (personal 
communication) found that there was a quantitative relationship 
between Pi transport and K+ entry within the pH range 6.8-7.2, 
and observed that this was close to 2:1 (Fig. III.5). These 
results could be repeated under the conditions of this study, 
and similar results were obtained with both strains. The 
results were not dependent upon whether the cells were 
harvested in logarithmic or stationary phase, but in order 
to demonstrate reasonable rates of uptake, it was essential 
that the cells were depleted of Pi. 
The observation that the cells leaked K+ into the medium 
prompted the question whether Pi was also leaked into the 
external medium. This was indeed found to be the case 
(Fig. III.6). In the presence of K+, the addition of an 
energy source enabled the cells to "mop up" the leaked Pi in 
the medium. The amount of K+ taken up is a measure of the Pi 
in the medium, and the concentration of Pi wh ich remained 
external to the cells at the end of this time was less than 
half the KT in total. In terms of the concentration of 
2-HPO4 , the species which interacts with the carrier 
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Cell suspensions were washed and suspended in 
potassium-free buffer (pH 6.8) as described in 
Methods. Four ml of the suspension was placed in 
the electrode vessel, KCl was added to 0.5 mM and 
glucose to 5 mM (trace a). When cells reached 
ionic equilibrium, a standard addition of 500 nmol 
KCl was made to calibrate the apparatus, followed 
by 500 nmol Na phosphate. The results are 
+ presented as K electrode voltage traces. Trace 
(b) shows the same experiment with glucose not 
added at the onset, but at some time after the 
addition of phosphate. 
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P500 100 sec 
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P500 100 sec 
Fig . III . 5 . The Stoichiometry of K+ and Pi Influx 
The simul t aneous uptakes of K+ and 32 P were 
measured at pH 6.8 as detailed in Methods. The 
uptakes of both ions were initiated by the addition 
32 + 
of 500 nmol P (500 kBq/ µmol). The K uptake 
rates were calculated using the internal KCl standards. 
Calculations for Pi uptake rates are discussed in 
Section II. The ordinate scale for K+ is double that 
for Pi . 
trace (a) Strain AN1088 (Pst) 
trace (b) Strain AN710 (Pit) 
Th is figure is by court esy of Dr . H. Rosenberg . 
K500 
Q 
[Pi ]=llµM 
• 
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51. 
• P500 
[Pi]=85µM 
• 
lmin 
• 
• P500 
Fig. III.6. K+ Movements Due to Pi Leakage into 
the Medium 
Cells were prepared as described in Methods, and were 
stored at 4 ° C for 1 h in the absence of an energy 
source. Four ml of the cell suspension was then 
added to the electrode vessel, and KCl added to 0.5 rnM. 
After the further addition of a standard amount of 
500 nmol KCl, glucose was added to 5 mM. When K+ influx 
ceased, 500 nmol Pi was added. A second addition of Pi 
elicited no response. Three 100 µ l samples were taken 
for phosphate analysis of the supernatant as detailed 
in Methods. The sampling times and the phosphate 
concentrations found are indicated by arrows. 
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(H. Rosenberg, personal communication), a concentration of 
11 µM Pi is about 1/5 of the Km. A subsequent addition of 
~ 
excess Pi resulted in a further uptake of K+ into the cells 
at a rate comparable to that obtained earlier, but no further 
response to the addition of Pi could be elicited, presumably 
because the internal Pi pool was now filled. 
+ The rates of leakage of K and Pi for the two strains 
AN710 and AN1088 were measured and compared (Fig. III.7). 
Cells of strain AN710 leaked almost twice as much Pi as those 
of strain AN1088 in the period during which observations were 
made. The PMF-driven systems are known to be more subject to 
leakage when the energy supply is limiting (Harold, 1977). 
The rates of leakage of K+ over the same period were not 
significantly different. In order to avoid any complications 
due to increasing concentrations of these ions in the medium, 
0 cell suspensions which had been kept at 4 C for a period of 
time greater than 1 hour were washed and resuspended in fresh 
buffer before use. 
The specificity of the Pi requirement for the transport 
of K+ into the cell was examined. Rosenberg (personal 
communication) had already demonstrated that the anions 
acetate and propionate could not replace Pi in this role. The 
addition of phosphite elicited a limited influx of K+ which 
was very small compared to that caused by Pi, and which ceased 
within 0.5 minutes. The amount of the influx increased with 
increasing amounts of Na 2HPO 3 added (Fig. III.Sb). However, 
phosphite was reasoned to be an unsuitable choice for an anion 
to replace Pi, as it had previously been demonstrated to enter 
E. coli in only minute amounts (Medveczky & Rosenberg, 1971). 
The slight response observed with phosphite can be attributed 
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Fig. III.7. Rates of Leakage of Pi and K+ for AN710 
and AN1088 
Cells of both strains were washed and suspended in 
potassium-free buffer (pH 6.5) as described in Methods. 
Aliquots (4 ml) were placed in the electrode vessel, 
in the absence of an energy source, and aerated and 
stirred as for a normal uptake run. The K+ 
concentration in the medium was monitored using the 
calibrated K+-sensitive electrode, and at the time 
intervals indicated, samples (500 µ l) of the cell 
suspension were taken, filtered and the supernatants 
collected. Aliquots of the supernatants were assayed 
for Pi as described in Section II. 
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closed II ( A ' • ) 
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Strain AN10 8 8 (Pst s y stem) 
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Fig. III.8. 
I .., phosphite (nmol) 
+ Counter-Ions for K Influx 
Cell suspen sions were prepared and suspended in 
potassium-free buffer (pH 6.8) as described in 
Methods. Counter-ions (nitrate, acetate, thiocyanate, 
propionate), 500 nmol, marked CS00, were added as 
Na salts followed by 500 nmol Pi (trace a). Sodium 
phosphite was added as a counter-ion in two 
concentrations (200 and 400 nmol) as indicated 
(trace b) . 
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to traces of Pi which have been found to be present in all 
batches of Na 2HPO 3 . The list of anions tested for their 
ability to replace Pi in prompting K+ influx was extended to 
include nitrate and thiocyanate, with negative results 
(Fig. III.Ba). 
The K+-sensitive electrode is equally responsive to 
Rb+ (data not shown). When the standard, Pi-stimulated cation 
uptake experiment was carried out with Rb+ replacing K+, a 
small amount of cation was taken up (Fig. III.9). The known 
level of contaminating K+ in this system was low (less than 
1 µM), and because the response to Pi was slower than that 
observed for K+, it was assumed that this truly represented 
uptake of Rb+ into the cell. 
3. The Effect of Arsenate 
Arsenate, as an analogue of Pi, is known to compete 
with that ion for entry in E. coli (Medveczky & Rosenberg, 
1971; Willsky et al.~ 1973; Rosenberg et al.~ 1977). Arsenate 
can be tested as an inhibi~or in this system by adding 0.2 mM 
Asi following the addition of Pi (Fig. III.10). Arsenate did 
not affect K+ uptake in cells carrying the Pst system, but 
inhibited K+ transport in cells carrying the Pit system, which 
has been shown to be responsible for arsenate sensitivity 
(Rosenberg et al., 1977). Under such circumstances, cells of 
the Pst-bearing strain became sensitive to Asi when grown on 
glycerol (Fig. III.11), presumably due to induction of the 
GlpT system (Lin, 1976; Silver, 1977). However when added to 
cells in the absence of Pi, sufficient Asi was taken up, even 
in those cells carrying the Pst system, to inhibit K+ uptake 
completely (Fig. III.12). 
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0 
(a) 
• P500 
<' 
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Fig. III.9. + Pi-Dependent Rb Uptake 
(b) 
• P500 
Cells were prepared in potassium-free buffer 
(pH 6.5). Rubidium chloride was added to 0.5 rnM, 
with 5 rnM glucose as energy source. A standard 
addition of 500 nmol RbCl was made to the equilibrated 
cells, followed by 500 nmol Pi (trace a). A standard 
K+ uptake run is included for comparison (trace b). 
K500 
0 
(a) 
57. 
K500 
0 
(b) 
1 min 
Fig. III.10. The Effect of Arsenate on Pi-Dependent 
+ K Movements 
Potassium uptake experiments were conducted as 
described in Methods, using glucose-grown cells 
in potassium-free buffer (pH 6.8). During the 
+ phase of K uptake, 0.2 mM Na arsenate was added 
to the electrode vessel as indicated. 
trace (a) 
trace (b) 
Strain AN1088 (Pst system) 
Strain AN710 (Pit system) 
K500 
Q 
(a) 
• P500 
, 
As500 
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Fig. III.11. Arsenate Sensitivity of Glycerol-grown 
AN1088 (Pst system) 
Potassium uptake experiments were conducted as 
described in Methods, using glycerol-grown cells 
of strain AN1088, with glucose as an energy source. 
During K+ uptake, 500 nmol Na arsenate was added 
+ (trace a). A standard K uptake run is included 
for comparison (trace b). 
K500 
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{a) 
•• As500 P500 
59. (b) 
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Fig. III.12 . Arsenate Inhibition of K+ Movements 
Glucose-grown cells of both strains were prepared 
for K+ uptake experiments in potassium- free buffer 
at pH 6.5 as described in Methods. Following the 
standard addition of KCl, 500 nmol Na arsenate was 
added, followed by 500 nmol Pi as indicated. 
trace (a) Strain AN710 (Pit system) 
trace ( b) Strain AN1088 (Pst system) 
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4 . Stimulation of Potassium Uptake by Sodium Ions 
Under standard conditions, with LiCl-based buffer, 
addition of NaCl shown . Fig . III.13 caused 2-3 fold as in a 
increase in the nett rate of K+ uptake. Addition of NaCl 
before the Pi had the same effect (Tab. III.l). The presence 
of 5 mM Na+ did not affect the response of the K+-sensitive 
electrode (result not shown). When the cells were suspended 
in a choline-Cl buffer, K+ uptake was not stimulated by LiCl 
at concentrations up to 20 mM. Thus in this system, unlike in 
+ + the system of Na /H exchange described by Schuldiner and 
Fishkes (1978), Li+ cannot replace Na+. This stimulation was 
found for both the Pit and Pst systems, and was observed to 
the same extent regardless of whether the cells had been grown 
and starved in the presence of Na+ or not. However it was not 
seen in cells which had been starved i n the presence of DNP. 
The addition of Na+ to various bacteria stimulates the 
transport of sugars (Drapeau et al., 1966; Stock & Roseman, 
1971; Tokuda & Kaback, 1977; Tuschiya et al., 1977). The 
+ effect of Na on the uptake of the non-metabolizable glucose 
analogue aMG was studied to test whether the observed 
stimulation of K+ uptake was due to an increase in the rate of 
glucose uptake by the cells. Under the conditions used, 
comparable to those in the K+ uptake studies, no stimulation of 
14 + C-aMG uptake by Na could be demonstrated (Tab. III.2). 
5. 42 Potassium Ion Movements with Phosphate 
The K+/Pi ratio in the presence of excess KCl 
applies only to initial rates; the nett uptake of K+ declines 
after 1-2 minutes, while Pi entry continues, although at a 
slower rate (see Fig. III.5). The use of the radioactive 
Fig. III.13. 
K500 
0 
61. 
1 min 
It 
+ + The Effect of Na on K Influx 
Potassium uptake experiments were conducted at 
pH 6.5 as detailed in Methods. Care was taken to 
exclude all Na+ until the addition of 500 nmol 
+ Na phosphate. NaCl (5 mM) was added where 
indicated. 
62. 
Table III.l. The Effect of Na+ on K+ Influx 
AN710 cells were grown on glucose, starved, and 
suspended in potassium-free buffer (choline-Cl-based), 
pH 6.5, as described in Methods. K+ uptake experiments 
were carried out as described in Methods, using 20 mM 
glucose as energy source. Additions of NaCl and LiCl 
were ma de before and after Pi (500 nmol, Na+ salt) as 
+ indicated. Initial uptake rates for K were calculated 
from traces using the internal standard addition of 
500 nmol KCl. 
Order of Addition 
glucose ( 2 0 mM) + Pi (500 nmol) 
glucose ( 2 0 mM) + Pi ( 5 00 nmol) 
+ NaCl (5 mM) 
glucose ( 2 0 mM) + NaCl (5 mM) 
glucose ( 2 0 mM) + NaCl (5 mM) 
+ Pi ( 500 nmol) 
glucose ( 2 0 mM) + Pi (500 nmol) 
+ LiCl ( 2 0 mM) 
glucose ( 2 0 mM) + LiCl ( 2 0 mM) 
+ Pi (500 nmol) 
Final K+ Uptake Rate 
(nmol K+/min/mg dry wt.) 
21.5 
64.2 
0 
61.3 
20.7 
22 . 0 
63. 
Table III.2. + The Effect of Na on the 
14 Uptake of C-aMG 
Cells of strain AN710 were grown overnight on 
20 mM succinate as carbon source. The cells were 
depleted of Pi, washed, resuspended in phosphate-free 
medium (pH 6.5) and supplemented with Pi (K+ salt) to 
50 µM. Care was taken to exclude all Na+. Energy 
sources were used at 20 wM final concentration, and 
NaCl was added to 20 mM where indicated. The uptake 
procedure was as described in Section II, using 
14 c-aMG, final concentration 10 µM (750 kBq/µmol). 
Na+ 
+ 
Uptake 14 c-aMG (nmol/min/mg dry wt.) 
+ glucose 
9.9 
10.6 
+ K+ succinate 
13.2 
13.4 
+ glycerol 
11.2 
10.5 
64. 
isotope 42 K, in combination with the K+-sensitive electrode, 
+ 
enabled a study to be made of the K movements across the 
cell membrane during this latter phase. 
h . t dd. . f 42 d Wen an appropria ea 1t1on o K was ma e to 
+ 
cells suspended in buffer containing 1 rnM K and an energy 
source, little entry of label was observed until the addition 
of Pi. An immediate and rapid increase in the rate of uptake 
of 42 K ensued (Fig. III.14). At pH 6.5, this rate of uptake 
50 ° t th th db h + ·t· was ~ grea er an at represente y t e K -sensi ive 
electrode trace. At the point where the latter showed no 
+ 42 further nett uptake of K, the rate of entry of K had also 
virtually ceased. To ensure that this observation was not 
due to equilibration of the internal K+ pool, this type of 
42 
experiment was repeated, with the addition of Know made 
+ 
at the point where nett uptake of K had ceased (Fig. III.15). 
Only slight entry of label into the cells could be measured, 
indicating a low rate of exchange of K+ across the membrane. 
This exchange was certainly less than that occurring during 
the rapid phase of uptake. This result was obtained for 
both strains AN710 and AN1088, grown on both lactate and 
glucose. 
6. Studies on Potassium Upshock 
Potassium ion movements in response to upshock 
have been studied by previous workers (Epstein & Schultz, 
1965; Rhoads & Epstein, 1978; Durgaryan & Martirosov, 
1978a, b, c) under conditions significantly different from 
those generally used in this study. In all these cases, Pi 
was included in the media in concentrations from 50-250 rnM. 
The movements of Pi and H+ with the uptake of K+ following 
upshock were of particular interest. 
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Cells were prepared in potassium-free buffer (pH 6.5) 
as described in Methods. The internal standard of 
+ 42 500 nmol K was added as KCl (240 kBq/mmol), 
followed by 500 nmol Pi. Samples (100 µ1) of the 
cell suspension were taken at 30 second intervals, 
filtered, washed and counted for 42 K as described 
in Section II. A 10 µl sample (containing 5 nmol K+) 
of the total cell suspension was counted to give a 
42 K standard, and blanks to compensate for non-
specific absorption to the filters were prepared as 
described in Section II. 
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Fig. III.15. The Uptake of 42 K at the Point of 
Equilibration of Nett K+ Uptake 
I 
A 
+ A standard K uptake run was carried out at pH 6.5 
min 
as detailed in Methods. At the point of equilibration 
+ 42 
of nett K uptake, 250 nmol K (240 kBq/mmol) was 
added. At this point of the trace, the recorder pen 
was reset to compensate for the resulting change in 
K+ concentration. Samples (100 µ1 ) were withdrawn at 
30 second intervals, filtered, washed and counted 
for 42 K as described in Section II. Blanks and 
standards were prepared as for Fig. III.14. 
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A rapid uptake of K+ was observed in response to an 
increase in the osmolarity of the medium (Fig. III.16). The 
uptake was most rapid (110 nmol K+/min/mg dry wt. at an 
external K+ concentration of 1 mM) in the first 30 seconds 
following upshock, and was completed within 2-3 minutes. 
+ Within this period some 80 nmol K /mg dry wt. of cells was 
taken up. This represented 12.5% of the available K+ in the 
electrode vessel. It would be expected from previous work 
(Epstein & Schultz, 1965; Rhoads & Epstein, 1978) that the 
amount of total K+ taken up, and the rate of this uptake, 
would vary with the external K+ concentration. The rate of 
K+ uptake obtained can be compared with that obtained for the 
TrkA system by Rhoads and Epstein (1978) (77 nmol K+/min/mg 
dry wt.), and with the normal rate of Pi-dependent K+ uptake 
obtained in these studies (about 50 nmol K+/min/mg dry wt.). 
The rate and extent of such K+ uptake wa s independent 
of the presence or absence of Pi. However the presence of Pi 
did affect the corresponding H+ movements (cf Fig. III.16 and 
Fig. III.17). + The movement of H has been postulated to be 
responsible for the preservation of electroneutrality during 
K+ uptake in response to upshock (Epstein & Schultz, 1965; 
Durgaryan & Martirosov, 1978c). All of the present 
experiments were carried out using cells which were 
metabolizing glucose, and the resulting efflux of protons 
made measurement of proton movements following upshock 
impossible. The low rate of proton extrusion in those 
experiments carried out in the absence of added Pi, and the 
increase in this rate when Pi was added (Fig. III.17) may be 
related to the requi rement of glycolysis for Pi. 
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Fig. III.16. K+ and H+ Movements in Response to Upshock 
Glucose-grown cells of strain AN710 (Pit) were prepared in 
potassium-free buffer (pH 6.5) as described in Methods. 
Aliquots (4 ml) of the cell suspension were placed in the 
electrode vessel and supplemented with K+ to 1 rnM and 5 rnM 
glucose as energy source. Pi (1 µmol) was then added. 
When the cells had equilibrated, they were subjected to 
upshock by the rapid addition of 1/4 vol of 1 M sucrose in 
potassium-free buffer (pH 6.5), supplemented with K+, 
glucose and Pi as for the cell suspension. The movements 
of K+ (trace a) and H+ (trace b) were monitored with the 
+ 
electrode traces. At the end of each run, 250 nmol K 
was added to calibrate the system. The traces have been 
copied from the original recordings and arranged in time 
synchrony to compensate for the slight time shift on the 
original recording caused by the dual pen arrangement. 
(a) 
(b) 
Fig. III.16. 
G 9 . 
l mm 
... 
+ 200 nmol K 
+ 200 nmol H 
+ + K and H Movements in Response to Upshock 
(a) 
6 
upshock 
(6) 
1 min 
• P500 
70. 
+ 200 nmol K 
200 nmol H + 
. 17 + d + t . Fig. III .. K an H Movemen sin Response to 
Upshock in the Absence of Pi 
The experiment was carried out as described for that 
in Fig. III.16, except that Pi was omitted from both 
the cell suspension in the electrode vessel and from 
the upshock medium. At a time following upshock, 
500 nmol Pi was added as indicated. 
trace (a) K+ 
trace (b) H+ 
The traces have been rearranged to compensate for 
the time shift in the system. 
71. 
The K+ movement in response to upshock was 
completely inhibited by Asi (Fig. III.18). The apparent 
small uptake of protons which was always measured in the 
initial 30 seconds following upshock was present even when 
+ K uptake was thus inhibited. This response was therefore 
'b bl 1· k d f + d + . h not attri uta e to any in e movement o H an K into t e 
cells and may be due to some response of the pH electrode to 
the upshock medium. 
7 • Proton Movements with Phosphate Uptake 
The addition of glucose to cells suspended in the 
lightly buffered medium resulted in the rapid nett extrusion 
of protons. As the glucose was exhausted, nett proton 
removal from the medium was observed. In strains of both the 
Pit and Pst phenotype, the rate of proton "fallback" was 
significantly increased on the addition of Pi (Fig. III.19a, b), 
and the increment can be quantitatively compared with the rate 
of Pi uptake. The addition of Pi without prior addition of 
glucose also resulted in a concomitant uptake of protons and 
Pi, albeit at much reduced rates (Fig. III.19c, d). This was 
presumably due to endogenoµs energy sources. Rosenberg 
(personal communication) had calculated H+/Pi ratios from 
experiments such as those shown in Fig. III.19. For both 
strains AN710 and AN1088, over the neutral pH range 6.8-7.2, 
these ratios were close to unity. Similar values were obtained 
in the presence and absence of glucose, but those obtained in 
the presence of an energy source were considered the more 
reliable. 
The addition of Asi was shown to have no effect on 
the rate of proton uptake (Fig. III.20). The pKa values for 
(a) 
(b) 
72. 
200 nmol K+ 
• 0 As500 h k 
ups oc 200 nmol H + 
1 min 
... 
Fig. III.18. The Effect of Asi on Upshock Response 
Glucose-grown cells of strain AN710 were prepared in 
potassium-free buffer (pH 6.5) as described in 
Methods. Aliquots (4 ml) of the cell suspension 
were placed in the electrode vessel and 
supplemented with K+ to 1 rnM and 5 rnM glucose as 
energy source. Asi (500 nmol) was then added. The 
cells were subjected to upshock as described for 
Fig. III.17. 
trace (a) K+ 
trace (b) H+ 
The traces have been rearranged to compensate for 
the time shift in the system. 
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p 100 
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7 3. 
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• 
P100 
Fig. III.19. H+ Movements with Pi Uptake 
100 
nmol 
HCI 
Cell suspensions were washed and suspended in the 
lightly buffered medium (pH about 6.8) as detailed 
in Methods. Aliquots (2.5 ml) were placed in the 
electrode vessel. When the cells reached ionic 
equilibrium, they were adjusted to pH 6.9 and 
40 µM glucose added. Following the transient drop 
in pH (to about 6.8), Pi (100 nmol) was added 
(traces (a) and (b)). Alternatively, the suspension 
was adjusted to pH 6.8 and Pi was added as above, 
without the prior addition of glucose (traces (c) 
and (d) ) . 
74. 
arsenic acid approximate to those for phosphoric acid, so the 
failure to observe movement of protons into the cells with Asi 
may be due to the rapid rate at which this ion can enter the 
cells and the subsequent inhibition of further uptake. No 
stimulation of proton uptake could be obtained by the addition 
of Na+ (result not shown). 
8. The Effect of pH on Proton and Potassium Ion 
Movements 
The movements of both K+ and H+ with Pi were measured 
independently, by the procedures described above, across the 
pH range 5.5-7.5 (Fig. III.21). Outside the neutral pH range, 
the K+/Pi ratio decreased as shown. Correspondingly, there 
was a considerable increase in the H+/Pi ratio at the more 
acidic pH values. The substitution of choline-Cl for LiCl in 
the potassium-free buffer did not affect the K+/Pi ratios 
across this pH range. 
Pi transport systems. 
Similar results were obtained for both 
9. The Simultaneous Measurement of Potassium Ion and 
Proton Fluxes with Phosphate Uptake 
+ Measurements of K uptake were usually carried out 
in the presence of 5 mM glucose as the energy source. Under 
these conditions it was not possible to measure simultaneously 
the movements of both K+ and protons into the cells in response 
to the addition of Pi. This was because the concentration of 
glucose required to support adequate K+ uptake was in a much 
higher range than that used in the proton symport experiments, 
and resulted in a continuing, rapid proton efflux during the 
period of K+ entry. Using cells suspended in the modified 
potassium-free buffer, and with careful choice of the 
Glu 
Q 
7 5 . 
50 nmol H+ 
1 min 
• 
Fig. III . 20. The Effect of Asi on H+ Movements 
Cells of strain AN710 (Pit) were prepared as 
described in Methods and suspended in the 
lightly buffered medium (pH 6.5). After the 
addition of glucose (40 µM), 500 nmol Na arsenate 
was added as indicated. 
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. 21 +/ . d H+/ . . . f Fig. III .. K Pi an Pi Ratios as a Function o pH 
The ion ratios were individually determined for both 
the Pit and Pst systems by the procedures described 
in Methods, using 32 P (500 kBq/µmol). All values 
are the mean of 4 determinations and are shown with 
the standard error of the mean. 
• • H+/Pi 
• • K+/Pi 
• ---0 (H+ + K+)/Pi 
The fine dotted line plots the degree of dissociation 
of the protons on the phosphate moiety at increasing 
pH values. This value has not been corrected for the 
ionic concentration. 
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concentration of glucose used (100-150 µM), it has bee n 
possible to measure simultaneously K+/Pi and H+/Pi ratios 
under non-optimum conditions for both K+ and Pi uptake 
(Tab. III.3). Better success was obtained using succinate-
grown cells, with glucose as an energy source (Fig. III.22; 
Tab. III. 3) . 
10. Phosphate Uptake in Potassium Transport Mutants 
The rate of uptake of Pi by a series of mutants, 
+ defective in their ability to take up K, was measured 
(Tab. III.4). A mutant with a kdp deletion took up Pi at 
normal rates. Introduction of a trkA mutation into such 
mutants decreased the rate of Pi uptake by about one third, 
while the triple mutant kdp, trkA, trkD showed very low rates 
of Pi uptake. However the presence of the system coded by 
the kdp gene cluster enabled a trkA, trkD mutant to take up 
Pi at a considerable rate. These Pi uptake experiments were 
all performed in the presence of 15 mM KCl. The conditions 
+ I • + • • used to measure K movements with the K -sens itive electrode 
would not be optimal for the TrkA and TrkD systems (Rhoads 
e t al., 1976). + This is reflected in the ve r y low K uptake 
rates obtained for strains dependent upon these systems 
(results not shown). The ability of the TADll0 strain to tak e 
up both Pi and K+ at considerable rates can be attributed to 
+ the ability of kdp to suppress defects due to trk muta tion s 
(Epstein & Kim, 1971). 
These mutants were derived from E . coli K12 (Ep s te in 
& Davies, 1970), and presumably have both Pi transport systems 
present. However, although this series of mutants s howed many 
of the characteristics predicted of those strains wi t h both 
Pi transport systems present - inducible a l kal ine phosphat ase 
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Table III.3. Simultaneous Measurement 
of the Movements of K+, H+ and Pi 
(a) Cells of strain AN710 were grown on 20 mM glucose 
and prepared as usual. The procedure used to 
measure the concomitant uptake of the three ions 
was as described for Fig. III.22, except that 
the cells were suspended in choline-Cl-based 
potassium-free buffer (pH 6.5) and glucose was 
used at a concentration of 100 µM. 
Results are the mean of 3 determinations and are 
shown with standard error of the mean. 
+ 1.13 - 0.2 + 1.99 - 0.2 
(b) Cells of strain AN710 were grown on 20 mM succinate, 
and prepared as usual. The procedure used was as 
described . Fig. III.22, with cells suspended . in in 
the lightly buffered potassium-free buffer (pH 6. 5 ) 
and glucose added to 5 mM. 
Results are the mean of 5 determinations, and are 
shown with standard error of the mean. 
+ 1.12 - 0.1 + 1.04 - 0.2 
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Fig. III.22. Simultaneous Measurements of the Uptakes of 
+ + d . K, H an Pl 
Cells of strain AN710 were grown overnight as described 
in Section II with 20 mM Na succinate as carbon source. 
These cells were depleted of Pi in the usual way and 
washed and resuspended in modified potassium-free 
buffer, pH 7.0. Aliquots (4 ml) of this cell 
suspension were placed in the electrode vessel and 5 mM 
glucose added. If necessary the pH was adjusted to 
6.9-7.0 with LiOH, and 32 P (500 kBq/µmol) (pH 7.0) 
added. The K+ and H+ movements could be monitored 
was 
simultaneously with the dual pen Rikadenki recorder, 
and the uptake of 32 P was followed by withdrawing 
100 µ l samples at 20 second intervals. At the end of 
+ + 
each run, 250 nmol K and 50 nmol H were added 
separately to calibrate the system. Blanks and 
32 
standards for P were prepared as usual. The rates 
of simultaneous K+, H+ and Pi movements could thus be 
calculated. The traces (a, K+; b, H+) have been copied 
from the original recordings and arranged in time 
synchrony to compensate for the slight time shift on 
the original recording caused by the dual-pen 
arrangement. 
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(a) 250 nmol KCI 
250 n mol HCI 
(b) 
... 
P500 
.. 
1 min 
Fig. III.22. Simultaneous Measurements of the Uptakes of 
+ + d . K, H an Pl 
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Ta·ble III. 4. Pi Uptake by K+ Transport Mutants 
Glucose (20 mM) was used as the carbon source in growth 
and as the energy source for Pi uptakes. The 
procedure used is detailed in Section II. All 
measurements were made at pH 6.5. 
Strain (phenotype) 
-Frag 5 (Kdp ) 
- TrkA-) 2Kl33 (Kdp , 
- -2Kl42 (Kdp , TrkE ) 
- -2K401 (Kdp , TrkA , 
+ -TADll0 (Kdp, TrkA 
* 
-TrkD 
, TrkD 
) 
...:. ) 
Pi uptake 
(nmol/min/mg dry wt.) 
23.9 
14.4 
13.3 
3.4 
20.2 
*the product of the trkE gene is believed to be 
necessary for the highest rates of K+ uptake in 
the TrkA and TrkD systems (Rhoads et al.~ 1976). 
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activity, arsenate sensitivity, about 50% of uptake resistant 
to uncouplers -, they did not show any exchange, regardless 
of growth conditions. Therefore, to check that the Pit 
system was indeed present, the Pi uptake in spheroplasts 
prepared from strain Frag 5 was investigated. Comparable 
rates of Pi uptake were achieved in spheroplasts from both 
strains Frag 5 and AN710 (Fig. III.23). Several other cases 
have been noted of E. coli K12 strains where no exchange can 
be demonstrated, although both Pi transport systems are present. 
For this reason, the single criterion of the presence or 
absence of exchange should not be used to infer the presence 
or absence of the Pit system. 
Using the K+ transport mutants, it was possible to 
eliminate one or the other Pi transport system to investigate 
whether individual K+ transport systems showed a preference 
for a particular Pi transport system. The phoT and pit 
mutations were transduced into these strains using the 
procedure detailed in Section II. As discussed in that Section, 
pit strains were selected for on the basis of Asi resistance. 
Colonies which grew on Asi were screened further for an 
inducible alkaline phosphatase activity, and the lack of 
exchange. Mutants carrying the phoT mutation were selected 
on S-glycerophosphate plates to select for the presence of 
constitutive alkaline phosphatase, and were also tested fo r 
exchange in lactate-grown cells. All the series of mutan ts 
obtained showed the expected behav iour under these condi tions . 
This included the "return" of Pi e xchange in p ho T c ell s. The 
+ rates of Pi uptake and K uptake were measured f o r suc h muta n t s 
(Tab. I I I. 5) . The rates of uptake for both ions wer e les s in 
....-
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32 
24 
16 
8 
2 4 6 8 
minutes 
Fig. III.23. Pi Uptake in Spheroplasts from 
Strain AN710 and Strain Frag 5 
Spheroplasts were prepared using the procedure given 
in Section II. The uptake of 32 P was measured at 
pH 7.0, using the procedure of Gerdes et al . (1 977). 
In the case of spheroplasts, "milligramrne (dry 
weight)" refers to the original cells from which the 
spheroplasts were prepared. 
0--0 Strain Frag 5 (Kdp - , Pit + Pst ) 
0--0 Strain AN710 (Kdp, Pit) 
10 
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Table III.5. Uptake of Pi and K+ by a 
Series of K+/Pi Transport Mutants 
Uptake rates were measured at pH 6.5 with 20 mM glucose 
as energy source. The uptake of K+ was measured using 
the K+-sensitive electrode, and the simultaneous uptake 
of 32 P was measured following an addition of 500 nmol 
32 P (500 kBq/~mol) as detailed in Methods. 
Strain (genotype) 
Frag 5 (kdp) 
LMR 5-2 (kdp, pit) 
LMR 5-2 (kdp, phoT) 
TAD 110 + (kdp, trkA, trkD) 
LMR 110-1 + (kdp , trkA, trkD, 
LMR 110-2 + (kdp , trkA, trkD, 
phoT) 
2K401 (kdp, trkA, trkD) 
+ Pi Uptake K Uptake 
(nmol/min/mg dry wt.) 
pit) 
27.1 
10.3 
9.1 
16.8 
13.2 
12.8 
41.6 
26.5 
25.0 
32.0 
14.0 
14.5 
LMR 401-1 (kdp, trkA, trkD, pit) 
8.6 
4. 6 
7.0 
4.1 
LMR 401-2 (kdp, trkA, trkD 
phoT) 2.6 4. 0 
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the mutants lacking a Pi transport system than in the parent 
strain, and the combined rates in these mutants approximated 
to that of the parent. The ratio of K+/Pi for all these 
mutants, as measured at pH 6.5, remained at about 2. Again, 
it can be argued that optimum conditions for the measurement 
of ion uptakes did not necessarily pertain for all mutants. 
The uptake characteristics of several different 
mutants lacking both Pi transport systems, but with no 
+ mutations in any of the K transport systems, were also 
examined (Tab. III.6). These mutants do show a low rate of 
Pi uptake, possibly due to induction of the GlpT system which 
has a KT for Pi of 0.24 mM at 37 ° c (Lin, 1976), but in order 
to grow require a-glycerophosphate as a source of Pi. 
have a correspondingly low rate of K+ uptake. 
11. Potassium Ion Movements with Glutamate 
They 
The uptakes of glutamate and aspartate have been 
shown to have a K+ requirement in E. coli (Halpern et al.~ 
1973), S. faecalis (Gale, 1971) and S . aureus (Davies et 
al.~ 1953; Gale & Llewellin, 1972). The uptake of glutamate 
+ in E. coli is also stimulated by Na (Frank & Hopkins, 1969). 
These anions could be expected to enter the cell in symport 
with protons in a similar fashion to Pi, and their effect on 
+ K uptake was therefore investigated. 
The addition of either of these anions to 
equilibrated cell suspensions in the presence of excess KCl 
and an energy source, resulted in the uptake of K+ (Fig . 
III.24a, b). A subsequent addition of Pi gave rise to an 
additional uptake of K+ . The rate of uptake of K+ in response 
to the addition of glutamate was less than that due to Pi 
addition, and reflects the difference in the rates of uptake 
86. 
Table III.6. Pi and K+ Uptake 
by Pi Transport Mutants 
The cells were grown on low phosphate growth medium, 
supplemented with casamino acids, with aGP as a source 
of Pi and 20 mM glucose as carbon source. Glucose was 
also used as the energy source for ion uptakes which 
were measured simultaneously at pH 6.5 (see Methods 
for details). For comparison, the ion uptakes measured 
in glucose-grown cells of strains AN710 and AN1088 are 
also included. 
Strain (genotype) 
10B5 
BJ9 phoT90 
AN710 
AN1088 
(pit, pst) 
(pit, phoT) 
(phoT) 
(pit) 
Pi Uptake K+ Uptake 
(nmol/min/mg dry wt.) 
4.0 
4.4 
30.0 
42.0 
2.6 
7.0 
57.0 
84.0 
K500 
-0-, 
--6 
Asp 
{a) 
lmin 
.. 
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K500 
"<:? 
~ 
Glut 
{b) 
,.. 
P500 
Fig. III.24. The Movement of K+ in Response to 
Glutamate and Aspartate 
Cells were prepared in potassium-free buffer at pH 6.5 
as described in Methods. After the addition of an 
internal K+ standard, 1 µmol Na aspartate (trace a) or 
1 µmol Na glutamate (trace b) was added. At an 
appropriate time interval, this was followed by 
500 nmol Pi. 
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of the two anions. The differences in the amounts of K+ 
taken up may be due to the different internal pool sizes for 
Pi and glutamate. To determine K+/glutamate ratios, 
experiments similar to those shown in Fig. III.24 were carried 
14 
out, using C-glutamate (500 kBq/µmol). The procedure was 
as described for the determination of K+/Pi ratios, with 
samples taken at 30 second intervals and counted for 14c 
radioactivity (see Methods). At pH 6.5, the ratio of K+/ 
glutamate taken up was approximately 2. In the presence of 
excess KCl, protons are also taken up with glutamate (Fig. 
III.25). Halpern and Even- Shoshan (1967) had reported that 
growth in the presence of glutamate enhanced the capacity of 
bacteria to take up glutamate. However, in these experiments, 
no significant differences were found between cells grown in 
the presence of glutamate (as nitrogen source) with glucose 
as a carbon source, and cells grown on glucose with (NH 4 ) 2 so4 
as nitrogen source. 
14 I The uptake of C-glutamate was studied in cells 
which had been starved in the presence of DNP, washed and 
resuspended in potassium-free buffer. + Phosphate and K were 
added to the medium as shown (Tab. III.7). Maximal rates of 
14 
uptake of C-glutamate could be achieved in the complete 
absence of Pi, but the presence of K+ (1 mM) was required. 
14 + The uptake of C-glutamate by K transport mutants parallels 
+ the rates of uptake of K (and Pi) by these mutants 
(Tab. I I I. 8) . 
Glu 
Q 
0 
Glut 1000 lmin 
50nmol H+ 
.. 
Fig. III.25. The Uptake of H+ in Response to the 
Addition of Glutamate 
Cells were prepared and suspended in the lightly 
buffered medium at pH 6.5 as detailed in Methods. 
Glucose (40 µM) was added, followed by 1 µmol of 
Na glutamate. 
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+ Table III.7. K -Ion Dependence 
14 
of C-Glutamate Uptake 
Measured in strain AN710 (Pit) at pH 6.5 and with 
20 mM glucose as energy source. Cells were treated 
with DNP as described in Methods and suspended in 
potassium-free buffer. 
out in the presence of 1 
by the addition of 10 µM 
All experiments were carried 
+ mM Na . Uptake was initiated 
Condition 
no K+ 
no Pi 
no K+ 
50 µM Pi 
no Pi 
50 µM Pi 
14 C-glutamate (750 kBq/µmol). 
14 C-Glutamate Uptake 
(nmol/min/mg dry wt.) 
2.5 
3.1 
8.6 
8. 8 
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Table III.8. 14 Uptake of C-Glutamate 
by K+ Transport Mutants 
Uptake rates were measured at pH 6.5 in the presence 
of 1 mM Na+ and with 20 mM glucose as energy source. 
Uptake was initiated by the addition of 10 µM 14c-
glutamate (750 kBq/µmol). 
Strain (genotype) 14 C-Glutamate Uptake 
(nmol/min/mg dry wt.) 
Frag 5 (kdp) 13.3 
TADllO (trkA, trkD) 9. 0 
2Kl33 (kdp, trkA) 7.7 
2Kl42 (kdp, trkE) 3.7 
2K401 (kdp, trkA, trkD) 3.4 
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12. Further Studies of Possible Counter-Ions to 
Support Potassium Uptake 
The ability of glutamate and aspartate to replace 
Pi in stimulating K+ uptake into cells led to a renewed search 
for further anions able to prompt this uptake. Glutamine, 
perhaps not unexpectedly, was also found to be an effective 
counter-ion for K+ movement into cells (Fig. III.26). 
Glucose-6-phosphate and both aGP and SGP were also regarded as 
+ possible candidates for counter-ions to K uptake. However 
care is needed when such compounds are studied for this role, 
because of the existence in the periplasmic space of the 
enzyme alkaline phosphatase, which hydrolyses such phosphate 
esters to release Pi. In Pi-starved cells, alkaline phosph-
atase has been induced, and in order to ensure that hydroly sis 
of these organic phosphates does not occur, it was considered 
necessary to use a phoA strain, where this complication would 
not arise. 
Experiments were ' carried out using a KlO strain, 
ElS (pit, phoA). In suitably induced cells, the addition of 
aGP resulted in the uptake of K+ (Fig. III.27). The small 
response elicited with SGP could be attributed to the 5 % 
contaminating aGP. Similarly, G-6-P was also a c ounter-ion 
for K+ uptake in appropriately-induced cells (Fi g . III.28a). 
The K+ uptake in response to the addition of G-6-P was inh ibited 
by Asi (Fig. III.28b); the a GP-induced K+ uptake wa s also Asi-
sensitive (result not shown). Such results can b e taken a s an 
indication that the GlpT and Uhp transport systems respectively 
were induced. Subsequent additions of Pi after addition o f 
aGP or G-6-P gave rise to a further up take of K+ i ons (s ee 
K500 
V 
0 
glutNH 2 
9 .-=- . 
1 . min 
Fig. III.26. Glutamine as a Counter-Ion for K+ Uptake 
Cells were prepared in potassium-free buffer (pH 6.5) 
as detailed in Methods. When the cells had 
equilibrated after the addition of the K+ standard, 
glutamine (1 µmol) was added as indicated, followed 
by the addition of 500 nmol Pi. 
K500 
V 
0 
/3GP 
94. 
aGP 
• P500 
lmin 
... 
Fig. III.27. The Uptake of K+ by a phoA Strain in 
in Response to the Addition of SGP 
and aGP 
Cells of strain El5 (pit, phoA) were grown overnight 
in the presence of 20 rnM aGP and with 20 rnM succinate 
as carbon source. They were prepared for uptake 
experiments in potassium-free buffer (pH 6.5) as 
detailed in Methods. SGP and a GP (1 µmol) were 
added where indicated, followed by 500 nmol Pi. 
K500 
V 
(a) 
95. 
lmin 
... 
K500 
V 
• • G6Pl000 G6P1000 
(b) 
Fig. III.28. The Uptake of K+ in Response to the 
Addition of G-6-P and the Arsenate 
Sensitivity of this Response 
Cells of strain El5 (pit, phoA) were grown overnight 
in the presence of 20 mM G-6-P and with 20 mM 
succinate as carbon source. They were prepared for 
uptake experiments in potassium-free buffer (pH 6.5) 
as detailed in Methods. G-6-P (1 µmol) was added 
where indicated (trace a). The addition of G-6-P was 
followed by the addition of 500 nmol Asi (trace b). 
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Fig. III.27). This observation would indicate that the 
internal Pi pool was not yet filled, and thus, that aGP and 
G-6-P were incorporated into the metabolic pathways as the 
organic phosphates, without hydrolysis (Lin, 1976). 
A phoA, pit, pst mutant (10B5) which lacked both 
Pi transport systems, and consequently required aGP for 
growth, demonstrated negligible stimulation of K+ uptake by 
Pi, as expected, but aGP supported a substantial influx of 
K+ into the cells (Fig. III.29a). Addition of G-6-P to cells 
~-
of this strain which had been grown on G-6-P as a source of 
Pi and succinate as a carbon source, did not give rise to a 
similar substantial influx (Fig. III.29b). 
13. Potassium and Phosphate Requirements for Praline 
Transport 
The relationship between K+, Pi and praline 
transport was investigated. The uptake of praline into 
vesicles prepared from strain AN710 (Pit system) is 
stimulated by K+, and such membrane vesicles actively transport 
L-proline only when prepared in a phosphate buffer (Konings & 
Rosenberg, 1978). Praline is not able to stimulate K+ uptake 
into cells (results not shown). However the uptake of proline 
+ required the presence of both K and Pi (Tab. III.9). Similar 
results were obtained when this experiment was repeated in the 
presence of chloramphenicol. Glutamate was not able to 
substitute for Pi to drive K+ uptake in this type of 
. ( b 10) h k f 14 1 · experiment Ta . III. . Te upta e o C-pro ine was 
investigated in a phoA, pit, pst mutant (lOBS) using a GP as 
the sole source of Pi (Tab. III.11). Such a mutant is able to 
transport praline in the absence of K+, but praline uptake is 
K500 
Q 
(a) 
97. 
lmin 
K500 
Q 
P500 
(6) 
Fig. III.29. The Uptake of K+ in a Ei!_, ~ Strain in 
Response to the Addition of a GP and 
G-6-P 
Cells of strain 10B5 (pit, pst, phoA) were grown 
overnight on low Pi growth medium supplemented with 
casamino acids, with 20 mM succinate as carbon source 
and either 20 mM a GP (trace a) or 20 mM G-6-P (trace b) 
as Pi source. The cells were prepared in potassium-
free buffer (pH 6.5) as detailed in Methods. Pi 
(500 nmol) was added as indicated, followed by 1 µmol 
a GP (trace a) or 1 µmol G-6-P (trace b). 
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Table III.9. The Requirement of K+ 
and Pi for the Uptake of Praline 
Uptakes were carried out as detailed in Section II, 
using DNP-treated cells in potassium-free buffer 
(pH 6.5), with 20 mM glucose as energy source. 
14
c-proline was added to 10 µM (750 kBq/µmol). 
Condition 
no K+ 
no Pi 
no K+ 
50 µM Pi 
no Pi 
50 µM Pi 
14
c-Proline Uptake 
(nmol/min/mg dry wt.) 
2.7 
2. 8 
3.1 
6. 0 
99. 
Table III.10. + Can Glutamate and K Support 
Praline Uptake? 
Lactate-grown cells of strain AN710 were treated 
with DNP and suspended in choline-Cl-based 
potassium-free buffer (pH 6.5). The uptake of 
14
c-proline was measured as described in Section II, 
using 14c-proline at 10 µM final concentration 
(750 kBq/µmol). 
Conditions 14c-Proline Uptake 
Na-Pi (50 µM) KCl (1 mM) Na Glut (20 mM) (nmol/min/ 
mg dry wt. ) 
1.1 
+ 2.9 
+ 0.6 
+ + 0.2 
+ + 6.4 
+ + + 6.2 
100. 
Table III.11. The Uptake of 14c-Proline 
by a Strain Unable to Transport Pi 
Cells of strain 10B5 were grown on low phosphate 
medium supplemented with casamino acids and with 
20 mM aGP as a source of Pi, and lactate as an 
energy source. The cells were treated with DNP 
and resuspended in choline-Cl-based potassium-free 
buffer (pH 6.5) with glucose as an energy source. 
Praline was added to 10 µM final concentration 
( 7 5 0 kBq/ µmo 1) . 
Condition 
+ no K 
no Pi 
+ no K 
50 µM Pi 
no Pi 
+ no K 
20 :mM GP 
20 mM GP 
14
c-Proline Uptake 
(nmol/min/mg dry wt.) 
1.0 
1.6 
1.6 
6.1 
12.3 
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+ stimulated by the presence of 1 mM K . The rate of uptake 
f 14c 1· b K+ t t t t fl t th d f t o -pro ine y ranspor mu ans re ec s e e ec s 
of these mutants in the transport of both K+ and Pi (Tab. 
III.12). 
D. DISCUSSION 
In this work, the relationship between K+ and Pi 
transport postulated by previous workers has been established 
as obligatory in both Pi uptake systems. This obligatory 
relationship is only seen when care is taken to avoid leakage 
and contamination of K+ in the cell suspensions. The K+ 
requirement for Pi uptake can be fulfilled in part by Tl+ i n 
the E. coli strain tested. Rubidium is not able to effectively 
+ replace K, at least in this role. The requirement of Pi for 
K+ transport is also specific, as evidenced by the fact that 
none of a variety of permeant anions tested could replace Pi , 
+ and that K uptake was inhibited by inhibitors of Pi transport, 
NEM and Asi. 
Arsenate competes effectively with Pi for entry in t h e 
Pit system, but not in the Pst system (Rosenberg et al ., 1977 ) . 
Predictably, Asi inhibited Pi-dependent K+ uptake only i n the 
Pit system. The inhibition by Asi of K+ transport in the Pit-
carrying strain could be due either to inhibition of Pi 
+ transport, with concomitant inhibition of K uptake, or t o a 
direct effect on the K+ tran sport systems. The three Tr k 
transport systems are known to be Asi sen sitive, bu t o nly i n 
+ the presence of K (Rhoads & Epstein, 1977). It c a n be 
inferred from this that Asi uptake also has a K+ r equir ement . 
In the absence of Pi as a competitive ion, sufficient Asi is 
102. 
Table III.12. Uptake of 14c-Proline 
+ by K Tran~port Mutants 
Uptakes were measured at pH 6.5, using 20 mM glucose 
h 14 1 · dd d as t e energy source. C-Pro 1ne was a e to a 
final concentration o f 10 µM (750 kBq/µmol). 
Strain (genotype) 14c 1 · t k -Pro 1ne Up a e 
(nmol/min/mg dry wt.) 
Frag 5 (kdp) 4.8 
TADll0 (trkA, trkD) 5.1 
2Kl33 (kdp, trkA) 4.3 
2Kl42 (kdp, trkE) 2.7 
2K401 (kdp, trkA, trkD) 1.4 
103. 
able to enter on both Pi transport systems to effectively 
+ prevent K uptake. This inhibition takes place in less than 
+ one minute, and no K movements are seen in this time, thus 
indicating that the process(es) which Asi inhibits are 
extremely sensitive to this ion. 
Potassium ions accompany the movement of Pi into the 
cell only during the initial, rapid phase of uptake, which 
represents the time taken for the internal Pi pool to reach 
capacity (Medveczky & Rosenberg, 1971). Esterification of 
Pi is already in progress at this point. The cessation of K+ 
uptake at this time suggests a connection between the movements 
of this ion and the Pi pool in the cell. This connection is 
further reinforced by the observation that K+ movements are 
only observed in cells in which the Pi pool is depleted. The 
42 
· h h h . h h . 1 . K experiments sow tat at t e point were t e Pi poo is 
filled, there is no significant exchange taking place between 
internal and external K+. However, during the initial, rapid 
42 
uptake period, the rate of I K uptake is 50% greater than the 
nett rate of K+ uptake as recorded by the K+-sensitive 
electrode, which is indicative that exchange is taking place. 
+ Although all four K uptake systems can mediate exchange, 
Rhoads and Epstein (1978) have reported that none of these 
systems exhibit a K+/K+ exchange that is constant with 
+ external K. 
The uptake of K+ in response to a sudden increase in 
the osmolarity of the medium is very rapid. In the system 
used in these studies, the initial rate of K+ uptake due to 
upshock is about twice that of Pi-dependent K+ uptake, and 
is comparable to that obtained by Rhoads and Epstein (1978) 
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for the TrkA system. In a wild type strain, this system 
could be expected to be responsible for the bulk of the K+ 
movements. The rate and extent of uptake of K+ following 
upshock is not dependent upon the presence of Pi in the medium. 
Epstein and Schultz (1965) have shown that the intracellular 
Pi content does not increase upon upshock. These workers 
argued that the major ion movement responsible for the 
maintainence of neutrality is an efflux of H+, but were unable 
to measure this because of an efflux of protons due to 
glycolysis. The same problems were encountered in this 
current study. 
The ability of E. coli to maintain its internal osmotic 
activity equal to, or somewhat greater than, the surrounding 
+ environment, through regulation of its cell K content, is of 
considerable functional significance for an organism which 
may be subjected to a wide range of growth conditions. It 
assures that the plasma membrane will be in close contact with 
the surrounding cell wall, a relationship which is essential 
for cell wall synthesis and , bacterial division. 
For Pi-dependent K+ uptake, a stoichiom~tric relationship 
+ exists between the initial rates of uptake for K and Pi; the 
value depends upon the pH of the external medium. It is of 
interest here to note that the data of Weiden et al. (1967) 
had suggested a stoichiometric relation between the rapid 
K+-dependent Pi uptake and part of the K+ uptake, such that 
+ the coupling of K and Pi uptake is a coupling of charge 
movement, resulting in an electrically neutral nett uptake. 
+ The presented data show that protons, as well as K, 
accompany the uptake of Pi into the cell in the presence of 
excess KCl. Recent work with the Pit system (Rosenberg, 
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personal communication) has shown HPo4
2
- to be the ionic 
species which interacts with the transport system. So far 
the evidence supports the supposition that it is this ionic 
species which also interacts with the Pst carrier system. 
The negative charges on the HPo4
2
- entering the cell can, 
fact, be balanced with a large margin by the inward flow of 
. 
in 
+ protons alone at low pH, and by that of K alone at the 
higher pH values. If the independently measured ion movements 
are summed (Fig. III.21), it appears that the phosphate-cation 
complex taken up bears an overall positive charge, especially 
at the more acidic pH values. It may be argued that such a 
summation is not valid, as the respective movements of K+ and 
H+ were studied under different conditions. However 
simultaneous, optimal inward movement of the two ions during 
Pi transport is difficult to obtain, especially at the 
extremes of the pH range used. At pH 6.5, the values 
obtained for the K+/Pi and H+/Pi ratios measured simultaneously 
are not significantly different from those shown in Fig. III.21, 
although the H+/Pi value obtained with glucose-grown cells is 
somewhat higher. One further anomaly remains unexplained. 
The K+/Pi and H+/Pi ratios for the two strains at pH 7.5 are 
significantly different. This may represent some response of 
the Pit system to the disappearance of ~pH across the membrane 
at this external pH. 
The coupling of metabolite transport to proton movements 
implies in most cases either a symport or antiport of 
substrate with one or more protons (Harold, 1977). The question 
of proton "symport" with Pi in E. coli must be approached with 
caution, especially when protons appear to be symported with 
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Pi in the Pst system, which involves a binding protein and 
requires phosphate bond energy. On theoretical grounds, 
Rottenberg (1976) predicts that the inwardly moving complex 
(substrate+ carrier) which crosses the membrane is always 
neutral. The nett charge of this complex is determined by 
the charge on the substrate, the number of protons that are 
co-transported, and the charge on the carrier binding sites. 
Ramos and Kaback (1977c) however, argue that at external pH 
values greater than 6.0-6.5, the proton gradient is thermo-
dynamically insufficient to support PMF-driven transport, 
unless the stoichiometry between protons and transported 
substrates increases. This does not appear to be the case 
for Pi transport, even in the Pit system, which requires a 
PMF. The investigations of Ramos and Kaback were carried out 
in membrane vesicles. A re-examination of the uptake of the 
same substrates (lactose and praline) in intact cells showed 
that the number of protons translocated per molecule of 
substrate does not vary across the pH range (Zilberstein 
et al., 1979). The different proton:substrate ratios could 
be due to some inherent difference between membrane vesicles 
and cells. 
It is not clear how the addition of NaCl stimulates 
Pi-dependent K+ influx. A possible mechanism would be for the 
+ + + Na to enter the cell and be expelled by the Na /H antiport 
(West & Mitchell, 1974) to which the additional influx of K+ 
ions can be coupled (Skulachev, 1978). The route by which 
the Na+ ions originally enter the cells is not likely to be 
th +; + . e H Na antiport . In that process, Li+ ions are as 
effective as Na+ (Schuldiner & Fishkes, 1978), while in this 
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case Li+ does not elicit an increase in K+ influx. It is 
+ more likely that the Na enters on the antiport which 
Brey et al. (1978) designated "system l". This system 
. +/ + +/ + d +/ b+ b t t +/ .+ ' antiports H K, H Na an H R , u no H Li . Quite 
a number of bacterial transport systems require Na+, but its 
role is not known. In some cases it alters the affinity of 
transport, in others, the rate (Harold, 1972). 
The nature of the obligatory link between the transport 
of K+ and Pi can now be considered. It could be envisaged 
that a Pi carrier and a K+ carrier may be associated in the 
membrane in a manner such that their transport activities 
are stringently linked. It follows from the results obtained 
with the K+ transport mutants that Pi is transported 
adequately by these strains provided that at least one K+ 
transport system is functional. Further experiments with 
these strains in which pit or phoT mutations have been 
inserted, indicate that the K+ transport systems exhibit a 
similar lack of selectivity ' for the Pi transport system whic h 
provides the flux of the counter-ion. These results lead t o 
the conclusion that any association between the individual 
systems is permissive, in that the combination of any of the 
two Pi transport systems with any of the K+ transport s y stems 
is functional. 
Alternatively, the uptake of Pi and K+ cou ld be linked 
via the proton flux across the membrane. If Pi enters the 
cell with its charges (and those on a negatively -charged 
carrier) balanced largely by protons, acidifica t i on o f the 
cell cytoplasm would result. Acidification would be enhanced 
by a greater degree of ionization of the Pi moiety d u e t o t he 
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higher pH and the higher ionic concentration of the cyto-
plasmic environment. This could be relieved by the movement 
of protons out of the cell, and the concomitant influx of K+ 
to compensate for the nett electrogenic effect of the proton 
flux. Similarly, the stimulation of Pi uptake in S. faecalis 
by K+ (Harold et al.~ 1965) is now considered due to a 
[K+]. /[H+] t exchange process thai maintains the intra-in OU 
cellular pH that would otherwise be lowered by the symport 
+ -process of H /H2Po4 uptake (Harold & Spitz, 1975). The 
apparent increase in the nett movement of H+ into the cells, 
and the accompanying fall in the K+/Pi ratio at pH 5.5, may 
be due to difficulties in pumping H+ out of the cells against 
a high concentration gradient, resulting in a decreased need 
for K+ movement into the cells. At the more alkaline pH 
values, the efflux of protons could more nearly approximate 
the rate of entry, with a consequent drop in the measured 
+/ . . d . ' th +/ . . H Pi ratio, an an increase in e K Pi ratio. If the 
metabolism (eg. esterification) which ensues following the 
filling of the Pi pool was to itself compensate for the 
acidification of the cytoplasm resulting from subsequent Pi 
+ entry, then significant uptake of K would no longer be 
required in association with Pi uptake. 
In accord with this postulate, Skulachev (1978) has 
proposed that the TrkF K+ transport system could transduce a 
part of~~ to ~pH. This unsaturable system, for which no 
mutants have been found, has been shown to require a PMF, and 
would appear to be an excellent candidate for such a role. A 
criticism of the above proposal is that it does not readily 
account for the stoichiometric relationship observed between 
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the two ions. 
At this point, it was realized that other similar 
anions to Pi would also enter the cell in symport with 
protons, and having done so, further dissociate. The 
resulting efflux of protons could be linked to K+ uptake via 
the K+/H+ antiport, thus accounting for the stimulation of 
+ uptake of these anions by K. Such a proposal has been 
considered by Gale and Llewellin (1972) to account for the 
uptake of both K+ and H+ with aspartate and glutamate . in 
S. aureus. The uptake of aspartate and glutamate by 
S. faecalis is also accompanied by the movement of K+ (Harold 
et al., 1970a), but no proton uptake accompanies the movement 
of the amino acids into the cells (Gale & Llewellin, 1972). 
In E. coli the situation is somewhat more complicated, as the 
nature of the K+ requirement for glutamate uptake (Davies 
et al.~ 1953) is not clear, and it may be that for E. coli 
what is required is a high internal K+ concentration (Halpern 
e t al.~ 1973). The uptake 'of glutamate is stimulated by Na+ 
(Frank & Hopkins, 1969). It appears that K+ . increases the 
capacity to take up glutamate (presumably by relieving the 
acidification of the cytoplasm) without affecting the KT, 
while the presence of Na+ increases the affinity of the 
carrier for glutamate (Halpern et al .~ 1973). 
The finding that the uptakes of both aspartate and 
glutamate resulted in the concomitant uptake of K+, i n the 
absence of Pi, meant that for the first time it was possible 
+ to separate the uptakes of K and Pi. The transpo rt o f 
glutamate itself could be shown to hav e a requirement f o r 
external K+, at least in cells whose internal K+ ha s been 
depleted by DNP treatment. The stoichiometry o f K+ t o 
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glutamate uptake was about 2 at pH 6.5. At this pH, two of 
the protons of the glutamic acid are totally dissociated, 
and the third is about 50% dissociated. 
Glutamine was also found to be an effective counter-ion 
+ for K uptake. Preliminary observations indicate that the 
K+/glutamine ratio at pH 6.5 is close to unity. At pH 6.5, 
the second proton on the glutamine molecule is already 
partially dissociated. Of the other possible anions tested 
for their ability to induce K+ uptake, aGP and G-6-P were 
found to promote K+ transport into the cell. Proton movements 
in response to these anions were not measured, but Ramos and 
Kaback (1977c) have previously studied the active transport 
of G-6-P into E. coli membrane vesicles. Accumulation of 
G-6-P is related to the magnitude of 6pH at pH 5.5. At pH 7.5 
on the other hand, accumulation bears a linear relationship to 
6~, and the stoichiometry between protons and transport 
substrate increases. Thus at pH 5.5, the G-6-P was transported 
electroneutrally; the implication of their results seems t o 
be that at pH 7.5, G-6-P transport is electrogenic. These 
experiments were carried out in a potassium phosphate buffer, 
and the electrogenic component of G-6-P uptake at the more 
+ alkaline pH could well have been countered by K movements. 
The Pi and K+ requirements for praline transport. were 
studied from a different aspect, and the conclusion seems to 
be that the K+ requirement f or praline transport is a 
consequence of the Pi requirement for the uptake of this 
molecule. It is interesting to speculate on the reasons for 
a PMF-driven system requiring the presence (internal ly) o f a n 
anion such as Pi. Rhoads and Epstein (1977), in a s t udy o f 
the energy coupling to nett K+ transport i n E. coli , ha d 
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attempted to use praline transport to monitor the PMF, but 
this was not found to be satisfactory. Praline transport is 
severely reduced in K+-depleted cells, and it was shown that 
the K+ requirement for praline transport roughly parallels 
the K+ requirement for growth in K+ uptake mutants. This 
result is reminiscent of those obtained in Tab. III.12. A 
stimulation of praline uptake by Li+ has been reported 
(Kayama & Kawasaki, 1976), but all experiments in this series 
were carried out in choline Cl-based buffer. The stimulation 
by Li+ may in fact merely represent the ability of this ion to 
replace Na+ in some Na+-requiring symport systems (Schuldiner 
& Fishkes, 1978). 
The requirement of K+ for the uptake of anions in 
E. coli can be seen as an obligatory requirement for an ion 
which can buffer the pH of the cytoplasm which would otherwise 
be lowered by the symport of protons with the anionic substrate. 
+ The flux of H across the membrane, and the consequent extent 
+ of K movements, is dependent upon the external pH. Such a 
role for K+ may be almost universal among the bacteriao 
Nevertheless, it is an intriguing point that for the two Pi 
transport systems, differently energized, similar ion movements 
are linked to the transport of Pi across the membrane. The 
question of the exact nature of the energy coupling to the 
Pst system seems to lie at the basis of this problem. 
SECTION IV 
THE EFFECT OF pH AND UNCOUPLERS ON THE 
UPTAKE AND EXCHANGE OF PHOSPHATE IN 
ESCHERICHIA COLI 
112. 
A. INTRODUCTION 
The energy which is coupled to transport can be 
either the electrochemical proton gradient which is 
generated across the membrane by electron transport 
(Mitchell, 1966), or a form of high energy phosphate, such 
as ATP (Berger & Heppel, 1974). These two forms of energy 
are interconvertible through the membrane-bound ATP'ase 
(Harold, 1972). The classification of active transport 
systems into those which are energized by the PMF, and 
those shock-sensitive systems which require a binding protein 
and are energized by high energy phosphate, has been 
discussed in Section I. 
The coupling of the uptake of substrates to the proton 
circulation implies a symport with one or more protons 
(Harold, 1977). There are a number of examples of proton 
uptake by symport with substrates. In E. coli this has been 
established for gluconate (Robin & Kepes, 1973), glucose-6-
phosphate (Essenberg & Kornberg, 1975), succinate (Gutowski 
I 
& Rosenberg, 1975), lactate and alanine (Collins et al.~ 
1976), praline (Amanuma et al.~ 1977), lactose (Ramos & 
Kaback, 1977b) and, in this study, for Pi (see Section III). 
Titration studies with valinomycin and nigericin indicate 
that, at pH 5.5, there are two classes of PMF-coupled 
transport systems; those that are preferentially coupled to 
~µH+ (lactose, praline, serine, glycine, tyrosine, 
glutamate, leucine, lysine, cysteine and succinate), and 
those that are coupled preferentially to ~pH (G-6-P, 
lactate, gluconate and glucuronate). At pH 7.5, the pH 
gradient across the membrane is zero, and all of these 
113. 
transport systems are then driven by the 6~, which 
comprises the only component of 6µH+ (Ramos & Kaback, 
1977b) . 
Similar experiments by Friedberg (1977b) have shown 
that the uptake of Pi in M. lysodeikticus is dependent 
mainly on the 6pH at pH 5.5, but that the Pi uptake at pH 7.8 
is dependent upon the 6~. Phosphate transport occurring 
through the PMF-driven Pit system of E. coli is dependent 
mainly upon the 6pH (Konings & Rosenberg, 1978). 
The exact source of the energy which is coupled to the 
shock-sensitive transport systems has not been elucidated. 
There are some recent findings which indicate that the 
conclusion that these systems are dependent upon ATP, or 
some other source of phosphate bond energy, alone may have to 
be modified. Both PMF-coupled praline transport and ATP-
dependent glutamine transport are inhibited to nearly the 
same extent by colicin Kin an ATP'ase-deficient mutant of 
E. coli (Plate et al.~ 1974). The indication is that 
I 
something in addition to ATP is required for the functioning 
of the glutamine transport system. Plate (1979) has 
presented evidence that the requirement is for a normal 
membrane potential. Findings from other laboratories are 
compatible with this conclusion. Liebermann and Hong (1976) 
concluded from studies on an ecf (Ts) mutant of E. coli that 
the shock-sensitive transport systems have a requirement in 
addition to ATP, and suggested that this requirement is a 
functional ecf gene product. In the absence of electron 
transport, the membrane potential and the pH gradient are 
maintained by the hydrolytic action of the ATP'ase, coupled 
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with the pumping of protons out of the cell (Harold, 
1977). Singh and Bragg (1976; 1977) have shown that in 
E. coli and Salmonella typhimurium~ inactivation of the 
ATP'ase results in the abolition of the membrane potential, 
with the concomitant inhibition of glutamine transport. 
The membrane potential may function in the ATP~ 
dependent transport systems in a manner similar to that 
which has been postulated for the lactose transport system 
of E. coli. If the carriers were negatively charged, the 
membrane potential would drive this charge to the positive 
side of the membrane and expose the substrate binding 
site(s) (Lancaster & Hinkle, 1977). An additional feature 
of such a model might be either the binding of ATP and its 
functioning in a regulatory capacity (Liebermann & Hong, 
1976), or phosphorylation of the carrier (Berger, 1973), 
possibly to provide a negative charge. A recent report 
(Hong et al., 1979) claims that acetyl phosphate is required 
for all shock-sensitive transport. Acetylation of the amino 
groups of the carrier would result in a less positively 
charged protein, which could then move in response to the 
membrane potential. 
The origin of some of the inconsistencies found for the 
Pst system (see Discussion, Section III) may lie in this 
requirement for a membrane potential. It may perhaps explain 
the observed sensitivity to uncouplers of Pst-mediated Pi 
transport in glucose-grown cells under anaerobic conditions 
(Rosenberg et al.~ 1978). It was therefore proposed to look 
at the effects of pH on Pi uptake in both the Pi transport 
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strains of E. coli~ using cells grown on and supplied with 
glycolytic and non-glycolytic substrates. Such a study, 
it was hoped, would provide data to supplement the 
information obtained regarding the response of K+/Pi and 
H+/Pi ratios to changes in the external pH. It should also 
help to clarify the relative importance of the components 
of ~µH+ to Pi transport via the Pit system in whole cells, 
and elucidate any effect of ~µH+ on the Pst system. The 
effect of the uncoupler CCCP across a pH range should 
contribute further to this study. An investigation was also 
made of the effect of pH on the uptake of K+, as this ion 
has been shown to be co-transported with Pi in both Pi 
transport systems (see Section III). 
B. METHODS 
The chemicals, radioisotopes and bacterial strains 
used have all been detailed previously in Section II. The 
media and buffers used are described in Section II and in 
the Methods of Section III. 
1. The Preparation of Cells for Phosphate Uptake 
Studies 
The basic procedures used have been described in 
detail in Section II. For studies in this Section, all 
cells were grown overnight (16 h) on 20 mM carbon source, 
and harvested in stationary phase. Cells of strain AN1088 
were depleted of Pi for 2 h to induce maximal uptake rates 
(Rosenberg et al.~ 1977). This was done in the p r esence of 
the same carbon source as used for growth, at a final 
concentration of 10 mM. The cell suspensions, in phosphate-
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free buffer (pH 6.5) at E660 of 0.35-0.4, were brought to 
the required pH (at 37°C), using citric acid or KOH, 
immediately prior to uptake studies. 
32 The uptake of P across the pH range use~ was 
measured in the presence and absence of an energy source 
(the same metabolite as used for growth, at 20 mM final 
concentration). The upta~e rates due to endogenous energy 
sources have been subtracted from all uptake rates obtained 
with an energy source present. The uptake rates are 
expressed as mean rates of uptake per mg dry weight of cells, 
as measured over the first minute, when the rate is still 
linear. 
When 20 mM Na phosphate was added to show exchange, it 
was always at the pH of the cell suspension. 
2. 42 K Uptake Studies 
42 The basic procedure used for K uptake studies 
has been outlined in Section II. The cells, suspended in 
choline-Cl-based potassium-free buffer, were brought to the 
desired pH at 37°c, using citric acid or TEA-base, 
irr@ediately before use. The filter membranes were washed 
with a buffer containing 50 µM Pi and 1 mM KCl. 
3. 32 P Uptake Studies in Membrane Vesicles 
The method used has been described in detail 
in Section II. When Pi exchange was investigated, each 
experiment was carried out in duplicate. Three minutes 
after the addition of 32 P, the uptake reaction in one vessel 
was terminated by the addition of LiCl. At the s ame time, 
the label taken up by the vesicles in the second vessel wa s 
chased by the addition of 50 mM Na p hosphate, at the s ame pH 
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as the medium. The uptake was terminated in this vessel 
two minutes after the addition of the label chase. 
4. The Measurement of Ion Movements with the pH and 
K+-Sensitive Electrodes 
The procedures used to monitor ion raovements 
using the pH and K+-sensitive electrodes have been described 
in detail in Methods, Section III. The simultaneous uptake 
of 32 P can also be followed as described in the above Section. 
All additions of CCCP made to the electrode vessel in such 
experiments had been brought to the same pH as the contents of 
the vessel. 
5. Analysis of Intracellular Acid-Soluble Phosphate 
In the experiments described in this Section, all 
assays of the degree of esterification of 32 P were carried 
out using the modified procedure of Ohnishi (1978) which is 
described in Section II. 
C. RESULTS 
1. The Effect of pH on Phosphate Uptake Through 
the Pit System 
The uptake of Pi across the pH range 5.5-7.5 was 
studied for AN710 cells grown on succinate, glucose and DL-
lactate as carbon sources, and with these metabolites given 
in turn as the energy source (Fig. IV.la, b, c). For cells 
grown on succinate, the uptake of Pi showed a maximum at 
pH 6.0, decreasing slowly at the more alkaline pH values. 
For glucose-grown cells, the response was very similar. A 
more marked response to pH was observed with lactate-gro~m 
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Fig. IV.l. The Effect of pH and CCCP on Phosphate 
Uptake in the Pit System 
32 The uptake of P was measured across the pH range 
5.5-7.5 as described in Methods. The results are 
presented as the mean of 3 determinations together 
with the standard error of the mean. 
• • + specified energy source 
0----0 + specified energy source, 
40 µM CCCP added 5 . to s prior 
addition of 32p_ 
(a) glucose-supported Pi uptake 
(b) succinate-supported Pi uptake 
(c) lactate-supported Pi uptake 
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cells. Moreover, under these circumstances, uptake rates at 
all pH values were higher than for any other energy source. 
The rates of Pi uptake in the absence of an energy 
source (results not shown) were very low for glucose-grown 
cells, and of the order of 3-5 nmol Pi/min/mg dry wt. cells 
across the pH range for lactate-grown cells. In the case of 
succinate-grown cells, the rates of endogenous Pi uptake 
increased at the more alkaline pH values, and as such may 
provide an indication of the effect of pH on Pi/Pi exchange 
in these cells (see Section IV.7; Section V). 
2. The Effect of pH on Phosphate Uptake Through 
the Pst system 
For AN1088 cells grown on glucose or succinate, and 
provided with these substrates as energy sources, the results 
obtained across the pH range 5.5-7.5 demonstrated little 
dependence of Pi uptake upon the external pH (Fig. IV.2a, b). 
These results are as expected for a transport system such as 
the Pst, which is not coupled to the PMF. However it must be 
remembered that cells provided with succinate can synthesize 
ATP only by first generating a membrane PMF, and here the 
t pH can be expected to have some effect. On the other hand, 
if the requirement for systems such as the Pst is for acetyl 
phosphate as an energy source, then this may be derived from 
oxaloacetate, without the necessity for the generation of a 
PMF. The results obtained with lactate-grown cells 
(Fig. IV.2c) are not so easily explained. The way in which 
lactate-supported Pi uptake varied with pH in this strain was 
very similar to the analogous situation in strain AN710. 
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Uptake in the Pst System 
32 The uptake of P was measured across the pH range 
5.5-7.5 as described in Methods. The results are 
presented as the mean of 3 determinations together 
with the standard error of the mean. 
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40 µM CCCP added 5 s p rior t o 
the addition of 32 P. 
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These experiments were carried out using Pi-
depleted cells. The rates of Pi uptake obtained in the 
absence of an added energy source were all high in such 
cells (results not shown), with the highest figures obtained 
when the 6pH was maximal. Such Pi uptake may be energized 
by endogenous energy sources, as it appears that significant 
amounts of these are accumulated during Pi depletion 
(H. Rosenberg, personal communication), or by the synthesis 
of ATP in response to an artificially-imposed membrane 
potential. 
3. The Effect of CCCP on Phosphate Uptake Through 
the Pit System 
Phosphate uptake supported by succinate in AN710 
cells was completely abolished across the pH range 5.5-7.5 
by the addition of 40 µM CCCP (Fig.IV.lb). The effect of 
the same CCCP concentration upon glucose- and lactate-
supported Pi uptake was less complete at the more alkaline 
pH values (Fig.IV.la, c). This sensitivity of P~1F-supported 
uptake can be demonstrated when the uncoupler is added only 
5 seconds before the addition of 32P. 
4. The Effect of CCCP on Phosphate Uptake Through 
the Pst System 
In succinate-grown cells provided with succinate 
as an energy source, the rate of Pi uptake at pH 5.5 was 
diminished by 70 % by the addition of 40 µM CCCP at 5 seconds 
. t th . . . . f 32 k h f f f t h prior o e 1n1t1at1on o P upta e. T ee ect o e 
uncoupler depended upon the external pH, and at pH 7.5 t he 
same concentration of CCCP caused only a 10 % inhibit ion o f 
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Pi uptake (Fig.IV.2b). Such an effect may be due to the 
effect of CCCP upon succinate uptake (Gutowski & Rosenberg, 
1975). However glucose-supported uptake was similarly 
affected by CCCP (Fig.IV.2a), and this could not be 
attributed to any inhibition of glucose transport into the 
cells. The uptake of glucose through the PTS is actually 
increased when the PMF is abolished (Peterkofsky & Gazdar, 
1979). Lactate-grown cells were more sensitive to CCCP at 
pH 7.5 than at pH 6.5-7.0 (Fig.IV.2c). Again, this result 
is not readily explained. 
5. The Mode of Action of CCCP in the Pst System 
It has been shown in this laboratory (H. Rosenberg 
& B. Beaver, personal communication) that the severity of 
the effect of CCCP upon Pi uptake in the Pst system is 
dependent upon the time of preincubation of the cells with 
the uncoupler. This effect was investigated further by 
monitoring H+ and K+ movements immediately following the 
addition of CCCP, using the pH and K+-sensitive electrodes. 
The movements of these two ions in response to CCCP were 
followed in glucose-grown cells of strain AN1088. 
At pH 6.5, the addition of CCCP to concentrations 
as low as 5 µM resulted in an immediate influx of protons 
into the cell due to uncoupler-mediated proton equilibration 
(Fig.IV.3a). On the other hand, at pH 7.5, when the ~pH 
across the membrane is zero, no proton movements could be 
elicited by the addition of CCCP (Fig.IV.3b). The presence 
of NaSCN as a counter-ion was required in these experiments. 
Such results demonstrate the immediacy of the action of 
CCCP, even at very low concentrations, and the lack of a 
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Fig. IV.3. The Effect of CCCP on Proton Movements in 
the Pst System 
Cells of strain AN1088 were grown overnight on 
glucose and prepared for proton movement studies 
as described in Methods, Section III. Glucose 
(5 µM) was added as an energy source as indicated, 
and the experiments were carried out in the presence 
of 20 mM NaSCN as a counter-ion. CCCP was added to 
a final concentration of 5 µM. 
Trace ( a) 
Trace (b) 
pH 6.5 
pH 7.5 
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requirement for long preincubation periods. 
+ When CCCP was added to cells taking up both K and 
Pi at pH 6.5, the uptake of Pi was inhibited, and there was a 
cessation of the movement of K+ into the cells, and 
+ 
eventually an efflux of K, presumably to compensate for the 
influx of protons (Fig.IV.4). At pH 7.5, little effect on 
the concomitant movements of K+ and Pi were observed (results 
not shown). This correlates with the observed effects of 
CCCP on glucose-supported Pi uptake in AN1088 cells 
(Fig. IV. 2 a) . + + The responses of H and K movements to CCCP 
in cells of strain AN710 (results not shown) were of the same 
order of magnitude as those observed in strain AN1088. 
6. The Effect of pH on Potassium Uptake 
The uptake of Pi in both Pi transport systems has 
+ 
an obligatory requirement for K (see Section III). The 
effect of pH on the rate of uptake of 42 K was investigated 
in cells of strain AN710 grown on lactate (Fig.IV.5). In this 
strain, as in other strains wild type with respect to K+ 
transport systems, the bulk of the K+ uptake is through the 
TrkA system (Rhoads et al.~ 1976). 
42 The uptake of K measured in the presence of 
50 µM Pi (the concentration used in 32 P uptake experiments) 
showed a maximum at pH 7.0. When the Pi concentration was 
increased to 1 mM, the same maximum was observed, although 
the rates of uptake were increased. The altered response at 
pH 6.0-5.5 of the pH dependence curve at the higher Pi 
concentration may perhaps be attributed to the increase . in 
the effective concentration of the Pi species which interacts 
with the carrier syste . 
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Cells of strain AN1088 were grown overnight on glucose 
and suspended in potassium-free buffer (pH 6.5) for a 
+ standard K uptake experiment (see Methods, Section 
III). Glucose (20 rnM) was added as an energy source , 
and after the addition 
500 nmol KCl, 500 nmol 
The K+ electrode trace 
of an internal standard of 
32 P (750 kBq/ µmoD was added. 
shows the movement of K+ into 
the cells. Samples were taken at suitable intervals 
to monitor the uptake of 32 P. CCCP was added where 
indicated, to a final concentration of 10 µM . 
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Fig. IV.5. 42 The Effect of pH on K Uptake 
The uptake of 42 K was measured across the pH range 
5.5-7.5 as described in Section II, using lactate-
grown cells of strain AN710. Phosphate was added 
to the indicated concentration in the uptake medium. 
Uptake was initiated by the addition of 1 mM 42 K 
(240 kBq/mmol). 
• • 50 µM Pi, no added energy source 
• • 50 µM Pi, 20 mM Na lactate as 
energy source 
0---0 1 mM Pi, 20 mM Na lactate as 
energy source. 
The results shown are the means of two determinations. 
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7. The pH Dependence of Phosphate Exchange 
The effect of pH on exchange was examined 
in cells of strain AN710 grown on both lactate and succinate, 
and provided with these substrates as energy sources 
32 Fig.IV.6a, b). The percentage of P exchanged out of these 
cells 2 minutes after the addition of a chase of cold Pi was 
greatly dependent upon the external pH, and rose from 30% at 
pH 5.5 to 70-80% at pH 7.5. Similar results were obtained 
for both substrates examined. Phosphate exchange can also 
be investigated by allowing cells to equilibrate in 50 µM 
unlabelled Pi, and then adding a small amount of high 
'f' . . . f 32 ( . ) speci ic activity, carrier- ree P see Section V. The 
results obtained in this manner with lactate-grown cells for 
the percentage of Pi exchanged across the pH range 
investigated were comparable to those obtained by the standard 
procedure. 
32 However when the percentage of P exchanged out of 
the cells was measured as a function of time (Fig.IV.7), the 
effect of pH on exchange was far less at 10 minutes after the 
addition of the chase, when the figures for exchange at 
pH 7.5, 7.0 and 6.5 are at a maximum. Consequently, the 
results in Fig.IV.6a, b should be interpreted in terms of 
the effect of pH on the rate of Pi exchange, rather than any 
pH effect on the actual total Pi e xchanged. 
The degree of esterification of the 32 P taken into 
the cells did not change significantly across the pH r ange 
for both substrates investigated (Fig.IV.6a, b ) , and 
consequently could not be considered as a factor i nfluencing 
the Pi exchange in these experiments. 
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Fig. IV.6. The Effect of pH and CCCP on Exchange 
Phosphate exchange was followed by adding e xcess Pi 
(20 mM) to cells which have been allowed to take up 
32 f 2 . P or minutes. 
•--• 
• • 
Tne % of 32 P which could be chased 
from the cells in 2 minutes 
As above, but 40 µM CCCP was added 
5 s prior to the initiation of the 
label chase 
The % of intracellular 32 P which was 
esterified at the time of the 
initiation of the chase. 
(a) Lactate-grown cells of strain AN710 provided with 
lactate as an energy source. 
(b) Succinate-grown cells of strain AN7 10 p rov i ded wi th 
succinate as an energy source. 
Results in all cases are the mean o f 3 d e t ermi nations, 
shown with the standard error of the mean. 
12 9 . 
100 
90 
D pH 7.5 
80 ~ pH 7.0 
pH 6.5 
70 
-· 
pH 6.0 
60 
Q) 6 pH 5.5 CJ) 
C 
0 50 ....c 
u 
X 
Q) 
~~ ~ 40 
30 ~~ 
.cs. 
20 / 
/ 
10 
2 3 4 5 6 7 8 9 10 
minutes after addition of chase 
Fig. IV.7. The Time Dependence of the Effect of pH 
on Pi Exchange 
These experiments were carried out using lactate-grown 
cells of strain AN710, provided with lactate as an 
energy source. Phosphate exchange was measured in 
the standard way (as described in Methods) across 
the pH range 5.5-7.5. Samples were taken at 
intervals up to 10 minutes after the initiation of 
the label chase to follow the rate of Pi exchange. 
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8. The Effect of CCCP on Phosphate Exchange 
The addition of 40 µM CCCP immediately prior to 
the addition of excess Pi to chase the 32 P from E. c o li 
cells resulted in an inhibition of Pi exchange. This 
inhibition was constant at about 50% across the pH range 
5 . 5-7 . 5, for both succinate- and lactate-grown cells 
(Fig.IV.6a, b). 
9. The Effect of pH on Uptake and Exchange of 
Phosphate in Membrane Vesicles 
The rate of uptake of Pi and the extent of Pi 
exchange were studied as a function of pH in membrane 
vesicles prepared from strain AN710. The aim of these 
experiments was to enable comparisons to be made of the 
effects of pH on these parameters in whole cells, where 
metabolism (and in particular, phosphate esterification) 
could proceed, and in vesicles, where only membrane-
associated functions were involved. Phosphate transport in 
such vesicles had previously been studied by Konings and 
Rosenberg (1978), using several different energy sources. 
The best rates of uptake were obtained using ascorbate/PMS. 
However, in this case it was decided to use D-lactate in 
order to make the results more comparable to those obtained 
with whole cells, and to avoid the problems of auto-
oxidation and pH changes in the external medium which are 
known to arise with the use of ascorbate/PMS (Bisschop 
et al . ., 1979). 
32 The rates of D-lactate-supported P uptake showed a 
pH dependence similar to that obtained for DL~lactate-
supported Pi uptake in whole cells (F ig.IV.8), and very 
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Fig . IV . 8 . 32 P Uptake and Exchange in AN710 Membrane 
Vesicles 
The uptake of 32 P into membrane vesicles was measured 
across the pH range 5 . 5 - 7.5 as described in Section II. 
The procedure for measuring the Pi exchange has been 
detailed in Methods. The presented results are the 
mean of two determinations. 
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comparable to the results obtained for the dependence of 
D-lactate oxidation on pH (Ramos & Kaback, 1977a). The 
actual rates obtained are a little lower than those found 
by Konings and Rosenberg (1978) using the same vesicles. 
The uptake of 32 P in the absence of an added 
energy source had been taken by Konings and Rosenberg as an 
index of Pi exchange. In the current study, the Pi exchange 
was measured as the percentage of label which disappeared 
from the cells following a chase with cold Pi. It was not 
possible to discern any effect of pH on exchange measured 
thus in membrane vesicles (Fig.IV.8). Moreover, the amount 
of label which could be chased from the vesicles was low. 
D. DISCUSSION 
The uptake of Pi by the Pit system is responsive 
to the external pH, and shows an optimum at about pH 6.0, 
regardless of the substrate used for growth and energy supply. 
I 
The response of Pi uptake to external pH in cells carrying 
the Pst system is less marked, except for lactate-grown cells. 
When considering the significance of these results, two 
factors must be borne in mind. One is the way in which the 
6µH+ (and in particular the 6pH component) varies with 
external pH. The other is the way in which the pH affects 
the entry of the given energy source. This is particularly 
important in the case of substrates such as succinate 
(Gutowski & Rosenberg, 1975) and lactate (Collins et al .~ 
1976), which enter in symport with protons. Howeve r as these 
experiments were carried out in the presence of e nergy 
sources at 20 mM, the concentrations of these should not have 
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been rate-limiting at any point across the pH range. 
For the Pit system, the decline in Pi uptake at 
the more alkaline pH values from the maximum at pH 6.0 . is 
observed in all cases, and can be seen as a response to the 
decreasing 6µH+ in a PMF-driven system. At pH 5.5, the 
6µH+ is at a maximum of -200mV (interior negative and 
alkaline), of which the major component is a 6pH of about 
-120mV (Ramos & Kaback, 1977a). At pH 7.5, the 6µH+ is 
reduced by about two-thirds, and consists solely of the 
6~ component, which remains at about -80 mV (Ramos & Kaback, 
1977a). 
Under such circumstances, especially when glucose 
or succinate is the energy source, the uptake of Pi in the 
Pit system does not show any great dependence on 6pH but 
this is because the movement of K+ allows for equilibration 
between 6~ and 6pH. In the presence of an ionophore such as 
valinomycin, this facility is abolished (Harold et al.~ 
1974), and the dependence of an uptake system upon 6pH 
becomes obvious (Friedberg, 1977b; Konings & Rosenberg, 1978). 
It would be expected however that the rate of 
uptake of Pi . in such a system at pH 5.5 should be even higher 
than that at pH 6.0. The observed decrease can be attributed 
to the significant decrease at this pH in the concentration 
of the phosphate species (HPo 4
2
-) which interacts with the 
carrier. These experiments were carried out using 50 µM Pi; 
at pH 5.5, the concentration of the effective species is only 
of the order of 2.5 µM , for a system with a KT of 25 µM. 
When higher concentrations of Pi are used, this decrease in 
Pi uptake at pH 5.5 is seen to disappear, at least for 
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succinate and glucose-grown cells (H. Rosenberg & 
B. Beaver, personal communication). 
In the Pst system, both in succinate- and 
glucose-grown cells, the uptake of Pi is lower at the more 
alkaline pH values. There is no evidence to show that the 
external pH can affect the functioning of the ATP synthase, 
or the rate of metabolism. The internal pH has been shown 
to remain constant at pH 7.5-7.8 over a wide range of 
external pH (Ramos & Kaback, 1977a). The decrease in Pi 
uptake at pH 7.5 in this system can therefore be attributed 
to some dependence of the uptake on the PMF. 
The results obtained with lactate in both whole 
cells and membrane vesicles deserve special comment. Ramos 
& Kaback (1977a) investigated the effects of external pH on 
the oxidation of D-lactate in membrane vesicles. It was 
found that with D-lactate as an energy source, no 6pH is 
observed at pH 5.0, and tqe 6µH+ consists entirely of a 
6~ component of about -55 mV. This variation is consistent 
with the relatively low rate of D-lactate oxidation observed 
at pH 5.5-5.0 (Kohn & Kaback, 1973). The oxidation of D-
lactate exhibits a maximum at about pH 6.5, approximately one 
unit higher than the optimum for 6pH and 6µ H+. The uptake 
of Pi in both whole cells and in membrane vesicles of E. coli 
given lactate as an energy source reflects a dependen c e on 
the 6µ H+, which itself varies as a consequence of the e ff ect 
of pH on the rate of oxidation of this substrate. 
The effect of CCCP upon the uptake of Pi a c r os s 
the pH range was as expected for the Pit system, where t he 
abolition of the PMF should directly affect the uptake o f Pi . 
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An indication of the relative contribution of the 6pH 
vis-a-vis that of the 6~ to the driving of Pi uptake in this 
system can be discerned by the uptake which remains at 
pH 7.5, when the 6pH is zero. The sensitivity of the Pst 
system to CCCP, especially at the more acidic pH values, 
does point to some role for the PMF in the energization of 
such shock-sensitive systems. The ability of the given 
energy sources to generate ATP by substrate-level phosphoryl-
ation, as glucose is able to do, does not seem to be 
important under aerobic conditions. 
It is possible that the Pst system is similar to 
the TrkA and TrkD K+ transport systems, in requiring ATP for 
uptake, but in being regulated by the PMF. However it is not 
necessary for the involvement of the PMF in the Pst system to 
be as direct as this. The effect of uncouplers such as CCCP 
may be to cause the cell to break down the reservoirs of ATP, 
via the ATP'ase, in an effort to maintain the PMF. Such a 
I 
proposal has already been advanced to explain the 
sensitivity to CCCP of anaerobic glucose-supported Pi uptake 
in the Pst system (Rosenberg et al.~ 1977). The evidence 
for this is conflicting. The treatment of E. coli cells 
with valinomycin in the presence of 20 mM exogenous 
potassium has been shown to result in a marked reduction in 
the intracellular levels of ATP (Plate, 1979). The addition 
of valinomycin to unc mutants in the presence of 20 mM K+ had 
little effect upon ATP levels. In similar experiments, Plate 
et al. (1974) and Takagaki et al. (1977) have shown that 
colicin K lowers ATP levels in cells with ATP'ase activity. 
On the other hand, Peterkofsky and Gazdar (1979) claim that 
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the rate of utilization of ATP by E. coli cells is 
essentially unaffected by CCCP. The loss of the PMF would 
be unfavourable to the cells, as apart from the effect upon 
transport into the cells, it also results in a release of 
accumulated metabolites (Harold, 1977). 
The effect of pH on the rate of Pi exchange may 
indicate that protons also exit from the cells on the carrier 
with Pi, in a fashion analogous to that proposed for the 
entry of Pi (Section III). Thus Pi exchange would result in 
no nett movement of protons, and consequently, no nett 
+ movement of K. At the more acidic pH values, the movement 
of a positively-charged carrier complex (carrier+ phosphate 
anion+ protons) to the outer surface of the membrane, and 
the subsequent release of protons, would be hindered. On 
such grounds, the inhibitory effect of CCCP on Pi exchange is 
not readily explained, but evidence will be presented in 
Section V that CCCP inhibits the extent of Pi exchange by 
inhibition of the breakdown of esterified phosphate in the 
cells. 
The lack of any significant effect of pH on Pi 
exchange in membrane vesicles, and the low exchange values, 
may be due to some deficit in the internal pH of these 
vesicles. In the presence of a substrate such as D-lactate, 
the internal pH of E. coli membrane vesicles reaches 7.5 
(Ramos & Kaback, 1977a), a value similar to that for whole 
cells (Padan e t a l .~ 1976). However there is no indication 
as to how quickly this pH is reached, and the effect of the 
external pH on this time. The time of preincubation of the 
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membrane vesicles with energy source had beeri reduced from 
that originally used by Kaback (1971), and this may have 
resulted in an internal pH less than 7.5 wh_en the uptakes 
were commenced. On the other hand, vesicles have a much 
smaller volume/surface ratio than whole cells, and this 
could mean that they are able to build up a high internal 
pH faster. Nevertheless, the small internal volume of the 
vesicles may be a factor as the studies of Konings and 
Rosenberg (1978) show that 3 minutes after the initiation of 
32 P uptake by such vesicles, there is actually an exit of 
label under certain conditions. Similar observations have 
been made for praline (Konings & Rosenberg, 1978). As 
exchange was measured during this period (3-5 minutes after 
· 32 the initiation of uptake), this spontaneous movement of P 
from the vesicles may interfere with the chase of the labe l . 
All these experiments were carried out in the 
presence of 15 rnM KCl. + Lactate-supported K uptake, as 
+ measured in a strain wild type with respect to K transport 
systems, demonstrated a maximum at about pH 7.0, although 
this maximum may represent the effect of pH on D-lactate 
oxidation (see above). It has been proposed in Section I I I 
+ that the link between Pi and K transport is an indirect one , 
and that K+ enters the cell, possibly via the TrkF system, 
in response to proton efflux. It is un likely that under 
these circumstances, at any pH, the K+ uptake would be 
rate-limiting. 
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The presented studies indicate that the changes in 
K+/Pi and H+/Pi values with pH should be seen as representing 
2-the effect of pH on the uptake of HP04 and on the associated 
proton movements. The results also point to the lack of a 
requirement for long preincubation periods when studying CCCP 
effects, and highlight the comments of other workers on the 
limitations of the use of metabolic inhibitors to examine 
energy coupling (see Berger, 1973). A salient point to 
emerge is the importance of the pH of the medium when 
characterizing the effect of uncouplers on different systems. 
1 
SECTION V 
INVESTIGATIONS INTO THE NATURE OF PHOSPHATE 
EXCHANGE, AND THE FATE OF INTRACELLULAR 
PHOSPHATE IN ESCHERICHIA COLI 
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A. INTRODUCTION 
Energized transport systems generally have a mechanism 
of regulated efflux from the cells. Efflux of most intra-
cellular cations and anions is rather slow, and often 
"coupled" with uptake (Epstein & Schultz, 1966; Silver 
et al.~ 1970; Silver & Clark, 1971; Harold & Spitz, 1975), 
making it likely that efflux is carrier-mediated. Little . is 
known about the kinetic parameters and energy coupling of the 
efflux of ions which are normally concentrated against a 
concentration gradient. It is unclear whether such efflux 
occurs by means of the same carriers as utilized in uptake. 
The evidence at the moment is that proton gradient-coupled 
transport systems may utilize the same "carrier" or channel 
for influx and efflux, while those systems coupled to 
phosphate bond energy utilize separate pathways for uptake 
and exit (Silver, 1977). 
Since no nett movement is involved in autologous 
exchange, a membrane potential should not be required. It 
was therefore unexpected to find that in S. faec a l is ~ K+/K+ 
exchange requires an energized membrane (Harold & Altendorf, 
1974). This led to the notion of a "gated" K+ carrier. In 
the absence of a membrane potential, the K+ gate apparently 
remains closed in S . fa e calis, but transport systems for 
sugars and amino acids remain "open" and can carry out 
exchange diffusion (Harold & Altendorf , 1974). In E. coli , 
K+/K+ h . 1 d d t . . exc ange is a so an energy- epen en process, requiring 
ATP. According to Rhoads and Epstein (1978), this repre sents 
the requirement of all K+ transport for the formation of a 
phosphorylated intermediate, although exchange tran s port may 
not consume energy. 
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Exchange is also catalyzed by the phosphotransferase 
system (PTS), and the addition of extracellular, non-
radioactive sugar markedly stimulates the release of intra-
cellular radioactive sugar (Hagihira et al.~ 1963; Winkler, 
1971; Haguenauer & Kepes, 1971). In contrast to the 
conclusions of others (Winkler, 1971; Haguenauer & Kepes, 
1971), the analyses of Saier et al. (1977b) suggest that the 
14 immediate source of the released C-sugar is the intra-
14 cellular pool of C-sugar phosphate. It seems that the 
Enzyme II complexes of the PTS catalyze "exchange group 
translocation", in which the phosphoryl group of the intra-
cellular sugar phosphate is transferred to an incoming sugar 
molecule, while the sugar moiety of the sugar phosphate is 
expelled. 
Studies with the lactose transport system in E . coli 
have demonstrated that energy coupling occurs at the level 
of exit, rather than at entry (Winkler & Wilson, 1966). 
However, for galactose, energy coupling occurs during entry , 
and the galactose binding protein mediates entry, but not 
exit (Parnes & Boos, 1973). 
Esc heric hia coli carries out a rapid exchange between 
the internal and external Pi pools (Rosenberg et al .~ 1977). 
During "steady state" conditions, when no nett influx of Pi 
is seen, the exchange operates at rates comp arable to initial 
nett uptake rates. This occurs without an added energy 
source (H. Rosenberg & K. Chegwidden, personal conununc a tion). 
In a detailed study of the two Pi transport s y stems, 
Rosenberg et al . (1977) showed that only the Pit s y stem i s 
capable of carrying out the exchange of Pi between the i n t ra -
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cellular and extracellular pools. The exchange is observed 
in whole cells and in spheroplasts (Rosenberg et al.~ 1977), 
and is absent from cells of the pit genotype, regardless of 
whether they have a functional Pst system. The exchange 
observed in AN710 (phoT) is therefore not due to the defect 
in the Pst system, but depends on the presence of a 
functional Pit system. 
The exchange of added Pi with intracellular Pi can be 
observed when cells are incubated with 50 µM 32 P for several 
minutes, followed by the addition of a large excess of 
unlabelled Pi. This causes the rapid removal of most of the 
radioactivity from the cells (Medveczky & Rosenberg, 1971; 
Rosenberg et al.~ 1977). Alternatively, a cell suspension 
can be equilibrated with 50 µM unlabelled Pi, at which point 
a negligible quantity of high specific radioactivity (carrier-
32 free) P can be added. The cells become rapidly labelled 
(H. Rosenberg & K. Chegwidden, personal communication). These 
results demonstrate that, at what appears to be the steady 
state with respect to phosphate equilibration, bidirectional 
movement of the anion across the membrane persists at a 
marked rate. 
This exchange can occur without an added energy source, 
and can be observed in succinate-grown cells which have · been 
depleted of energy sources by shaking in the presence of 1 mM 
DNP. In cells grown on DL-lactate or succinate, the e xchange, 
in the absence of an added energy source, still takes p l ace i n 
the presence of 40 µM CCCP, an uncoupler which total l y 
inhibits uptake in this system (H. Rosenberg, K. Chegwidde n & 
B. Beaver, personal communication). Cells grown o n gluc o s e 
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do not carry out the exchange (Rosenberg et al.~ 1977). It 
is not clear what advantages, if any, the cells derive from 
the rapid, bi-directional flow of Pi at the steady state, in 
the absence of an energy source. 
Very little study has been made of the fate of intra-
cellular Pi, and how this affects the exchange . E. coli. in 
Within the first minute of uptake of 32P , significant (40-
50%) esterification of Pi has taken place, and there is a 
progressive increase in the incorporation of label into 
nucleic acids after the first minute (Rae & Strickland, 1976). 
An unlabelled chase of the Pi pool leaves behind some 32 P 
incorporated into these macromolecules (Medveczky & 
Rosenberg, 1971). Incorporation of 32 P into fructose-1,6-
diphosphate (FDP), triose phosphates and adenine nucleotides 
also occurs (Rae & Strickland, 1976). Helle and Klungs¢yr 
(1962) incubated suspensions of E. coli in the presence of 
32 glucose and P, under aerobic and anaerobic conditions, and 
used ion exchange chromatography to separate the phosphorylated 
intermediates of carbohydrate metabolism. Various sugar 
phosphates, triose phosphates, mannitol-1-phosphate (M-1-P) 
and ATP and ADP were isolated from the cell extracts. 
It had been shown in this laboratory that although 5 
minutes after the addition of 32P, some 60-70% of the label 
32 was esterified, up to 85% of the intracellular P could be 
chased with unlabelled excess Pi, and all of this appeared in 
the cell supernatant as inorganic Pi (H. Rosenberg, personal 
communication). This seemed to imply that a rapid 
equilibrium existed between the internal pool of Pi and the 
major fraction of organic phosphates in the cell. 
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The nature of these organic phosphate esters was 
therefore of considerable interest, and at the time this 
particular study was commenced, a project was already under-
way in this laboratory to examine these compounds. A ii large 
scale preparation" involving the perchloric acid extraction 
of cells which had been incubated with 32 P, and the chrom-
atography of the neutralized extract on Dowex resin with a 
bicarbonate gradient had separated 3 major peaks. One of 
these was found to be Pi, and the other two (designated A 
and C) contained phosphate in the esterified form. Fraction 
A was identified by Dr. Rosenberg as mannitol-1-phosphate. 
The investigation into the identity of Fraction C, and of 
the way in which both these fractions were linked to the 
intracellular pool, was continued. It was also proposed to 
study the nature of the actual exchange mechanism in the Pit 
system, particularly the apparent "repression" of exchange 
seen in glucose-grown cells. 
B. METHODS 
Chemicals, radioisotopes, buffers and media and the 
bacterial strains used have been detailed in Section II. 
Nitrogen used for purging the cell suspensions before 
and during anaerobic uptake assays was passed through a two-
stage NILOX gas-purification apparatus (Jencons, Hemel 
Hemstead, Herts., U.K.), stated by the manufacturers to 
produce gas containing less than 1 ppm of o2 . 
Dowex-1 x 8 resin (100-200 mesh) was from Fluka, Buchs, 
Switzerland. 
144. 
1. Large Scale Isolation of Organic Phosphates 
Cells of strain AN710 were grown overnight on 
20 mM DL-lactate, harvested, washed twice and resuspended in 
phosphate-free buffer, supplemented with 20 mM glucose and 
vitamins, at E660 of 1.0. The incubations of the cell 
suspensions in the presence of Pi were done in volumes of 
160 ml in 500 ml Erlenmeyer f~asks, shaken at 300 revs/min . 
in a water bath at 37°c. After 5 minutes preincubation, Pi 
was added to 50 µM final concentration (where required 32 P 
was used, 500 kBq/µmol), and the cells were allowed to take 
up Pi for 5 minutes. At this point 5 mM NEM was added to 
prevent further uptake of Pi and breakdown of esterified 
phosphate within the cells, and shaking was continued for a 
further minute. The cells were spun down at 10,000 rpm in a 
Sorvall SS 34 rotor, and the tubes carefully drained of 
supernatant and placed on ice. Each pellet was extracted 
with 2 ml of 0.75 N HC10 4 , the extracts combined and 
centrifuged. The supernatants were combined and the pH 
adjusted to 7.0 with KOH. Precipitated K-perchlorate was 
removed by filtration, and the extracts were concentrated 
on a rotary evaporator and filtered again before applying to 
the top of a Dowex resin column. 
Dowex-1 XS resin was freshly converted to the bi-
carbonate form and packed in a glass column (60 x 3 cm). The 
cell extract (in a volume of 10-20 ml) was applied to the top 
of the column, and eluted with a linear KHCO 3 gradient (0-1 M) 
(Martonosi, 1960). Fractions of 10 ml were collected, and the 
emergence of peaks could be followed by counting 50 µ l samples 
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of the fractions for 32 P radioactivity. Peak fractions were 
pooled (a sample reserved for specific activity measurements 
when necessary), cooled to o0 c and brought to acid pH (2-3) 
with HCl to release co2 . Further co2 was released by 
evacuation for 1 minute on the rotary evaporator, and the 
solution was then neutralized with KOH. The fractions were 
then concentrated to about 1 ml, filtered cold, and stored 
0 
at O C. 
The scale of these preparations was varied as 
required. 
2. Analyses of Intracellular Acid-Soluble 
Phosphates 
The procedures used are detailed in Section II. 
3. Chromatography Methods 
(a) Chromatography of organic phosphates. 
Organic phosphates were chromatographed on 
Merck TLC cellulose plates (0.10 mm thick) without fluoro-
escent indicator, using as solvent a mixture of ethanol, 
98% formic acid and water (70:10:20) with 1% Mgso4 . The 
dried plates were sprayed with a solution of 1 mg alkaline 
phosphatase/ml 0.1 M NH 4Hco3 (pH 8.0). The damp plates were 
then sealed in plastic film and incubated at 37 °c for 20-40 
minutes. After drying, the hydrolyzed phosphate was detected 
by the vanadyl chloride-molybdate spray (Rosenberg, 1959). 
When such phosphates were labelled with 32 P, radioactivity 
was detected by passing the plates through a Nuclear Chicago 
Actigraph gas flow counter with a thin Mylar window. 
(b) Chromatography of carbohydrates. 
Carbohydrates to be separated were 
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chromatographed on Merck silica gel 60 plates (0.25 mm thick), 
without fluorescent indicator. Before use these plates were 
dipped in ethanolic sodium borate solution (1 M) and dried 
0 
at 60 C. The presence of borate aids in the separation of 
closely related carbohydrates (Cohen & McNair Scott, 1950). 
The plates were developed with a mixture of benzene, a c etic 
acid and methanol (10:5:100) and when dried, the carbohydrates 
were visualized with a potassium periodocuprate spray (Bonner, 
1960). 
4. Determination of Specific Activitie s of Column 
Fractions 
(a) Ashing procedure. 
Samples to be determined ( 0. 1 ml) were ashed 
in Pyrex test tubes with 0.1 ml of 7.5 N HC10 4 . After 
cooling, 5 ml of 1.2 N HC10 4 was added to each tube and the 
samples were reheated in a steam bath for 1 h to hydrolyze 
any pyrophosphate present. The samples were then made up to 
10 ml with distilled water. Blanks (saturated KC10 4 
solution) and a Pi standard (1 nmol in saturated KC10 4 ) were 
treated the same way. Duplicate aliquots (2 . 0 ml) fro m 
samples thus treated were assayed for Pi as described in 
Section II, using as reference a standard Pi solution made 
up in 0.6 N HC10 4 . The results were expressed in terms of 
nmol Pi in the original 0.1 ml sample. 
(b) 32 t· d P coun ing proce ure. 
Aliquots (0.1 ml ) of the origina l s ampl e s we re 
counted in 10 ml. of 0.05 M NH4OH by Cerenkov radia t ion . 
The specific activity was then expressed i n t erms 
f 32 / l . o cpm P nmo Pi. 
147. 
5. Uptake Assays for 32 P, 42 K and 14c-carbon 
Substrates 
The procedures used to prepare cells for 
aerobic uptake assays, and the details of these assays, are 
described in Section II. Any variations are noted in the 
text. 
6 • 32 Anaerobic uptake Assays for P 
Cells were grown anaerobically in Kimax screw-
capped bottles, completely filled and tightly sealed. The 
bottles each contained a small sterilized stirrer bar and 
were stirred magnetically overnight at 37°c. The growth 
medium, supplemented as usual with carbon source (20 rnM) and 
the required growth supplements, also contained KNO 3 (50 rnM), 
sodium selenite (1 µM) and ammonium molybdate (1 µM). 
Cells were prepared for uptake in the usual way. 
When required, cell suspensions, in the phosphate-free buffer 
supplemented as for growth, were depleted of Pi by shaking at 
37°c for 2 h in volumes of 30 ml in McCartney bottles purged 
with N2 before sealing. The cells were then washed and 
prepared for uptake as usual. For uptake studies, 5 ml 
samples of the cell suspensions were continuously purged and 
stirred with N2 at 37°c in 10 ml capped tubes. Uptake was 
initiated by the addition of N2-purged 2.5 rnM 
32 P. 
7. Oxygen Uptake Measurements 
Cells were prepared as described for uptake 
procedures and suspended in growth medium. Aliquots (2.5 ml) 
0 of the cell suspension at E660 of 0.4 were incubated at 30 C, 
and oxygen uptake was measured polarographically using a 
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Titron oxygen electrode. Additions of energy sources were 
made to a final concentration of 20 rnM. The oxygen uptake 
rates were expressed as nmol o2/min/mg dry wt. of cells. 
8. Enzymic Assays of Phosphorylated Compounds 
(a) Hexose phosphates (G-6-P, G-1-P and F-6-P) 
Hexose phosphates were estimated fluoro-
metrically by a modification of the spectrophotometric 
method described by Hohorst (1965). The test cuvette 
contained 0.2 M Tris-HCl buffer (pH 7.4), MgC1 2 (0.1 ml of 
100 rnM), NADP+ (10 µl of 0.5%) and sample to make a final 
volume of 2.0 ml. Enzymatic assay of the three hexose 
phosphates was performed by adding enzymes in the following 
sequence, allowing time for each reaction to reach completion: 
glucose-6-phosphate dehydrogenase (3.5 units) to measure 
G-6-P, phosphoglucose isomerase (3.5 units) to measure F-6-P, 
and phosphoglucomutase (1 unit) to measure G-1-P. F-6-P 
(100 rnM) was used as a standard. Fluorescence measurements 
were made with a Zeiss spectrofluorometer (PMQ II with a ZM4 
fluorescence attachment) linked to a Beckman recorder. The 
emission wavelength, 465 nm; slit widths, 1 mm each; gain 
setting, IIxAxl0x8.5. 
(b) FDP and triose phosphates. 
Fructose-1,6-diphosphate and triose phosphates 
(glyceraldehyde-3-phosphate and dihydroxyacetone phosphate) 
were estimated fluorometrically by a modification of the 
spectrophotometric method described by Bilcher and Hohorst 
(1965). The test cuvette contained 0.2 M Tris-HCl buffer 
(pH 7.4), NADH (15 µl of 2 mg/ml solution) and sample to make 
up a final volume of 2.0 ml. Enzymatic assay of the three 
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phosphates was performed by adding enzymes in the following 
sequence, allowing time for each reaction to reach 
completion: triose phosphate isomerase (5.8 units) plus 
glycerol-3-phosphate dehydrogenase (0.7 units) to measure 
triose phosphates, and aldolase (1 unit) to measure FDP. 
FDP (0.9 mM) was used as a standard. Fluorescence measure-
ments were made as described by the hexose phosphate assay. 
C. RESULTS 
1. The Effect of Substrate on Phosphate Exchange 
Several features of Pi uptake and exchange were 
investigated in cells of strains AN710 and AN1088 grown on 
a variety of carbon sources (Tab. V.l). The uptake of Pi 
which occurred in the absence of an added energy source 
varied, and was highest in succinate-grown cells of strain 
AN710. In all cases, the addition of an energy source 
resulted in an increase in the rate of Pi uptake. The extent 
of this increase depended upon the energy source added and 
the previous history of the cells. Thus, in glucose-grown 
cells, the uptake systems for dicarboxylic acids and lactate 
were repressed (Kay, 1978), and addition of these substrates 
had little effect upon the rate of Pi uptake. 
The rate of Pi uptake in the absence of an energy 
source has been taken as an index of the degree of Pi/Pi 
exchange taking place across the cell membrane (Konings & 
Rosenberg, 1978). The uptake of 32 P in the absence of an 
energy source was highest in those cells where exchange is 
known to occur. However, a large part of this uptake can 
Table V.l. The Effect of Substrate on Phosphate Uptake and Exchange 
Cells were grown overnight on the specified carbon source at a concentration of 20 mM. Cells were 
prepared and 32 P uptake studies carried out as described in Section II, using the indicated energy 
source at a final concentration of 20 mM. All assays were performed at pH 6.5. Five minutes after 
the addition of 32 P, the label was chased by the addition of 20 mM Na phosphate (pH 6.5). At the same 
time, a sample (500 µ1) of the cell suspension was taken for the determination of the proportion of 
'f' d 32 d 'b d . t· esteri ie Pas escri e in Sec ion II. 
Cells (carbon source) 
AN710 
(DL-lactate) 
AN710 
(glucose ) 
AN71 0 
( s uccinate ) 
AN10 8 8 
(g l uco se ) 
Energy source 
for uptake 
none 
DL-lac 
L-lac 
D-lac 
glu 
none 
glu 
DL-lac 
none 
succ 
none 
glu 
Pi Uptake 
(nmol/min/mg dry wt.) 
7.1 
21.5 
20.4 
10.5 
33.2 
3.4 
21.8 
10.5 
20.7 
55.3 
3.9 
36.0 
% Exchange 
5-7 min 
77 
66 
75 
77 
65 
47 
17 
30 
83 
85 
15 
18 
32 P esterified 
at 5 min 
38 
69 
56 
60 
75 
38 
56 
29 
42 
58 
41 
61 
I-' 
u, 
0 
Cells (carbon source) 
AN1088 
(succinate) 
AN1088 
(glycerol) 
Energy source 
for uptake 
none 
succ 
none 
glyc 
Table V.l Cont'd. 
Pi uptake 
(nmol/min/mg dry wt.) 
7.3 
19.8 
11.5 
27.8 
% Exchange 
5-7 min 
24 
11 
47 
31 
32 'f' d P esteri ie 
at 5 min 
31 
61 
53 
76 
I-' 
V, 
I-' 
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be attributed to endogenous energy reserves. Nevertheless, 
after treatment of succinate-grown cells of strain AN710 
with DNP for one hour to cause depletion of these reserves 
(Berger, 1973), a small but significant rate of non-energy 
supported uptake remains (P. Jacomb, personal communication). 
The more accurate measure of exchange is that obtained by 
measuring the fall in the label taken up into the cells 
following chase with a large excess of unlabelled Pi 
(Medveczky & Rosenberg, 1971; Rosenberg et al., 1977). 
Within two minutes, up to 85% of the unlabelled Pi was chased 
from those cells able to carry out exchange. The exchange 
measured thus was always higher in the absence of an energy 
source. 
Cells of strain AN1088 exhibited an increased 
ability to exchange intracellular and extracellular Pi when 
grown on glycerol. This may be due to induction of the GlpT 
transport system (Lin, 1976), which can act as a secondary Pi 
transport system (Willsky 'et al.~ 1973). The KT for Pi in 
this system is in the millimolar range (Hayashi et al.~ 
1964). 
The incorporation of 32 P into organic phosphates 
was investigated for both cell strains. The degree of 
esterification of Pi at five minutes indicates little about 
the ability of the cells to facilitate Pi exchange, although 
the percentage of esterified phosphate tended to be somewhat 
higher in those cells which can carry out this exchange. 
2. The Role of Potassium Ions in Phosphate Exchange 
A requirement for the presence of external K+ 
during Pi exchange was tested by allowing cells to take up 
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(a} (b) XS Pi 
XS Pi 
+ i 20 spin 20 
--
16 16 
12- 12 
8 8 
4 4 
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J • • • • • I I 
2 4 6 8 2 4 minutes 
Fig. V.l. The K+ Requirement for Pi Exchange 
Lactate-grown cells of ,strain AN710 were prepared 
for Pi uptake studies as detailed in Section II. 
Uptakes were carried out at pH 6.5, with 20 rnM glucose 
as energy source, and were initiated by the addition 
of 50 µM 32 P (500 kBq/µmol). Five minutes following 
the initiation of uptake, the label was chased by the 
addition of 20 rnM Na phosphate (pH 6.5) (fig. a). 
To investigate the chase of label in the absence of K+, 
the cells were spun down quickly and resuspe nded in 
potassium-free buffer (pH 6.5) before the addition of 
the chase (fig. b). Such treatment did not lead to 
any loss of label from the cells, and reduced the K+ 
concentration in the medium to less than 50 µM. 
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32P in the presence of 1 mM K+. The cells were then washed 
and resuspended in potassium-free medium before the 32 P was 
chased with cold Na phosphate. The rate of Pi efflux in 
the absence of K+ (Fig. V.la) was only marginally slower than 
that when 1 mM K+ was present (Fig. V.lb). 
3 . t D . 32 h . Potassium Ion Movemen s uring PC ase 
The simultaneous movement of 42 K was followed 
during the uptake of 32 P and its subsequent chase from the 
cells (Fig. V.2). When the label was chased with 20 mM Li 
42 phosphate, no effect upon K uptake was seen. However when 
20 mM Na phosphate was used for the chase, an efflux of 42 K 
from the cells was observed. It was considered that the 
efflux of 42 K may have been in response to an influx of Na+ 
on the Na+/H+ antiport. This system has been shown to be 
insensitive to Li+ in these cells (Section III). In agreement 
with this hypothesis was the finding that the addition of 
20 mM NaCl resulted in an efflux of labelled K+ from the 
I 
cells, with no effect on 32 P uptake (Fig. V.3). A smaller 
response was elicited by the addition of a similar 
concentration of RbCl. Similar results were observed 
following an addition of NaCl in cells of strain AN1088, 
and also in strain AN710 cells grown on glucose, thus 
indicating that the Na+/K+ exchange phenomenon was independent 
of Pi exchange. 
In this study, the chase of 32 P label from cells 
was normally achieved by adding an excess of Na phosphate. 
The extent of this chase did not depend upon the cation 
present (result not shown). 
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Fig. V.2. 42 K Movements with Pi Exchange 
Lactate-grown cells of strain AN710 were washed and 
suspended in potassium-free buffer (pH 6.5), and 20 rnM 
glucose was added as energy source. Each experiment was 
carried out using 10 ml of cell suspension in each of 
2 incubation flasks. After a 5 minute preincubation 
period, 1 rnM 42 K (240 kBq/rnrnol) was added to flask (a), 
and 1 rnM KCl to flask (b). This was followed 5 minutes 
later by an addition of 50 µM Na phosphate to flask (a) 
32 
and of 50 µM P (500 kBq/µmol) to flask (b). At 5 
minutes after the initiation of 32 P uptake, additions of 
20 rnM Li phosphate or 20 rnM Na phosphate (at pH 6.5) 
were made to both flasks. The flasks were sampled at 
appropriate time intervals and the samples filtered, 
washed and counted for the appropriate radioisotope 
as detailed in Section II. 
42 0--0 K uptake 
32 
• • P uptake 
15 6 . 
28 
XS Pi 
24 
Li-Pi 
20 
. 
4'-
~ 16 
>,.. 
L. 
--0 
0) 12 
E 
"-. 
Na-Pi 0 8 E 
C 
4 
2 4 6 8 10 12 14 16 
minutes 
Fig. V.2. 42 K Movements with Pi Exchange 
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28 
XCI 
2A l 
20 RbCI 
16 
NaCl 
12 
8 
4 
2 A 6 8 10 12 14 
minutes 
Fig. V.3. The Effect of NaCl and RbCl on K+ and Pi 
Movements 
The experiment was carried out as described in 
Fig. V.2, but at 5 minutes after the initiation 
32 
of P uptake, additions of 20 mM NaCl or 20 mM 
RbCl were made to the flasks. 
16 
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4. The Fate of Pi and of Esterified Phosphate 
During Exchange 
A typical experiment is shown (Fig. V.4) to 
demonstrate the efflux of 32 P from cells following the 
addition of excess unlabelled Pi. The concomitant loss of 
label from the intracellular esterified phosphate fraction 
was also followed. The label which is chased from these 
cells can be analyzed if the ce l ls are washed and resuspended 
in fresh buffer before the chase is added. Virtually all 
(96%) of the 32 P chased from these cells appeared in the 
supernatant outside h e cells as inorganic (non-esterified) 
phosphate. The picture was similar for all cells which 
showed exchange, including glycerol-grown strain AN1088. 
N-Ethylmaleimide is known to inhibit the uptake of 
Pi in E. coli (Medveczky & Rosenberg, 1971), but it was 
thought not to affect Pi exchange. The addition of NEM 1.5 
minutes prior to the addition of excess Pi resulted in the 
immediate cessation of uptake of 32 P into the cells (Fig. 
V.5). Analysis of the fate of intracellular labelled Pi and 
esterified phosphate following the addition of excess Pi 
demonstrated that NEM limited the extent of the e xchange by 
inhibiting the rapid breakdown of the esterified phosphate. 
5. The Inhibition of Dephosphory lation of Organic 
Phosphates by the Combined Action of NaF and CCCP 
Haguenauerand Kepes (1971) have shown that a 
combination of NaF and an uncoupler such as CCCP no t only 
inhibited the uptake of aMG, but also inhibited t he d e -
phosphorylation of accumulated a MG-6-P. Since dephosphoryl-
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Fig. V.4. Pi Exchange in Strain AN710 
Cells of strain AN710, grown overnight on lactate and 
prepared for Pi uptake studies as detailed in Section II, 
were allowed to take up 50 µM 32 P (500 kBq/µmol) in the 
presence of glucose as an energy source. The incubation 
was carried out at pH 6.5,. Five minutes after the 
initiation of uptake, the label was chased by the addition 
of 20 rnM Na phosphate (pH 6.5). Samples (500 µ1) were 
taken at appropriate intervals to determine the uptake of 
label. Following the label chase, at the same time 
samples (500 µl) were taken at 0.5 minute intervals for 
the determination of the degree of esterification of 32 P 
as described in Section II. The acid-insoluble Pis 
represented by the difference between the 32P in the 
uptake samples, and the total 32 P in the acid-soluble 
extracts . In order to make this calculation, it was 
necessary to apply the conversion factor relating the 
cpm in a known sample of 32 P as counted by Cerenkov 
radiation in the Packard scintillation counter and by the 
Nuclear Chicago gas flow counter. 
1 60 . 
XS Pi 
70 
60 inorganic P 
~ 50 
~ 
" 0 AO E 
............. 
Cl.. 
N 
M 
0 30 
acid soluble esterified P 
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C 
20 
10 
acid insoluble P 
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Fig. V.4. Pi Exchange in Strain AN710 
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Fig. V.5. The Effect of NEM on Pi Exchange 
The experimental procedure was similar to that 
described fo r Fig. V.4, but at 5 minutes after 
the initiation of uptake, 20 mM NEM was added. 
This was followed 1 minute later by the Pi chase. 
I: 
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ation did not apparently involve the PTS, they had 
postulated the presence in the cells of a sugar phosphatase 
with peculiar regulatory properties. Their search for such 
a phosphatase was unsuccessful (Haguenauer &Kepes, 1972). 
The effect of the combined action of such 
inhibitors on the chase of 32 P from esterified phosphate was 
studied in E. coli as a means of clarifying further the 
relationship between the organic phosphate pool and the Pi 
pool in the cell. The addition of 20 rnM NaF, made at the 
same time as excess Pi, had no effect upon the exchange of 
Pi in assays carried out at pH 6.5 (Tab. V.2). However, when 
NaF was added in combination .with 30 µM CCCP, a considerable 
inhibition of exchange was observed. The nature of this 
inhibition was investigated further by measuring the levels 
of labelled Pi and labelled esterified phosphate before and 
32 
after the initiation of the chase of P taken up into the 
cells (Fig. V.6). The addition of NaF and CCCP together was 
I 
shown to almost totally inhibit the exchange of phosphate 
through the organic phosphate fraction when both lactate and 
aMG were used as energy sources. The exchange of Pi itself 
was not altered. As expected, the addition o f NaF alone had 
little effect, but the addition of CCCP alone did result i n 
a small inhibition of organic phosphate breakdown. The 
previously observed (Section IV) inhibition of e xchange in 
the presence of CCCP may be attributed to this action o f the 
uncoupler. 
The addition of aMG elicited a hi gh level o f Pi 
uptake in these cells. The aMG used had been rec rystal l ized 
163. 
Table V.2. The Effect of NaF and CCCP 
on Exchange 
Cells of strain AN710, grown overnight on lactate, 
32 
were prepared for P uptake studies as described 
in Section II. Uptakes were carried out at pH 6.5, 
with lactate and aMG as energy sources as specified. 
At 5 minutes after the initiation of uptake by the 
addition of 32P, unlabelled Na phosphate (pH 6.5) 
was added to 20 rnM. At the same time NaF (20 mM 
final concentration) and CCCP (30 µM final 
concentration) were added where indicated. 
Energy source 
( 2 0 rnM) 
none 
none 
none 
lactate 
lactate 
lactate 
aMG 
aMG 
aMG 
NaF 
( 2 0 mM) 
+ 
+ 
+ 
+ 
+ 
+ 
CCCP 
( 3 0 µM) 
+ 
+ 
+ 
% Exchange 
5-8 -min 
94 
93 
46 
75 
75 
19 
62 
63 
18 
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Fig. V.6. The Effects of NaF and CCCP on Dephosphorylation 
Lactate-grown cells of strain AN710 were prepared for Pi 
uptake studies as described in Section II. Uptakes were 
carried out at pH 6.5, with lactate or aMG as energy 
sources, as specified. At 5 minutes after the initiation 
of uptake by the addition of 50 µM 32 P (500 kBq/µmol), 
the label was chased by the addition of 20 mM Na phosphate 
(pH 6.5). At the same time, NaF (20 mM final 
concentration) and CCCP (30 µM final concentration) were 
added where indicated. Samples (500 µ1) were taken 
immediately prior to, and 3 minutes following, these 
additions to enable estimations to be made of total 32 P 
uptake into the cells, and the degree of esterification 
of this 32 P. The methods used are detailed in Section II. 
In this experiment, no account has been taken of the 32 P 
incorporated into acid-insoluble P. 
These results can be correlated with those given in 
Table V.2. 
nmol 12 
JO 
8 
6 
2 
0 
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inorgonic-P in cell. at 5 min 
inorganic-P in cells after chau 5 -8 min 
acid - soluble .. terified -P i n cells at 5 min 
ac id-soluble ester ifi ed -P in cells after chau 5-8 min 
+NoF +CCCP +NoF 
+CCCP 
+NoF +CCCP +NoF 
+CCCP 
+NoF +CCCP +NoF 
+CCCP 
no added energy source +20 mM Iodate +20 mM a methyl g lucoside 
Fig. V.6. The Effects of NaF and CCCP on Dephosphorylation 
166. 
in order to deplete this compound of contaminating glucose, 
but the possibility existed that some glucose was still 
present, having been formed from aMG by hydrolysis in 
solution. Analysis by chromatography of the esterified 
phosphate fraction of cells given aMG showed the presence 
of a spot which was identified as aMG-6-P (Fig. V.7). This 
picture .can be compared with that normally obtained for 
cells given lactate as an energy source (Fig. V.lOa). The 
ability of aMG to support such a level of Pi uptake may be 
explained by the observation of Shulgina et a l. (1979) that 
aMG generates pyruvate from PEP as it enters the cell through 
the PTS system. The intracellular accumulation of pyruvate 
and its subsequent oxidation would lead to membrane 
energization. 
6. Analysis of the Major Fractions of Esterified 
Phosphate in E. coli 
As discussed in the Introduction to this section, 
the chromatography of the acid-soluble, 32P-labelled intra-
cellular fraction revealed three main peaks on Dowex resin 
(Fig. V.8). Two of these peaks (referred to as A and C) 
were shown to contain organic phosphates, and the third peak 
(B) was Pi. No variation in this pattern was found, 
regardless of the strain of cells, and the carbon and energy 
sources used. The specific activities of peaks A, Band C 
were measured for some of these fractionations. Th e results 
are tabulated in Tab. V.3. As e xpected, the specific a c t i v ity 
of peak B was always the highest, and the specific activ i ty o f 
peak A was higher than that of peak C. This di f f e r ence wa s 
most pronounced in the cells given lactate as an ene r gy sourc e. 
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Fig. V.7. The Effect of NaF and CCCP on the Exchange of 
32 P out of a-Methyl glucoside-6-phosphate 
Cell suspensions (10 ml) of lactate-grown strain AN710 
were allowed to take up 50 µM 32 P (500 kBq/µmol) in the 
presence of 20 mM lactate as energy source. All 
incubations were at pH 6.5. After 5 minutes, the cells 
were quickly collected by centrifugation (control) or 
a chase of 20 mM Na phosphate was added, simultaneously 
with NaF (20 mM) and CCCP (30 µM) as indicated. After a 
further 2 minutes, these cells were then centrifuged. 
The cell pellets obtained by centrifugation at 10,000 rpm 
were extracted with 2.0 ml 0.75 N PCA, centrifuged and 
the supernatants neutralized with KOH, filtered and 
concentrated to minimal volumes. The concentrated 
extracts were then chromatographed on cellulose plates 
using a mixture of ethanol, formic acid and water 
(70:10:20) with 1% MgC1 2 , and the plates were scanned for 32 d · . . d 'l d . h d P ra 1oact1v1ty as etai e in Metos. NEM was not 
used in these experiments as it is known to inhibit both 
CCCP action (Boos, 1974) and the Enzyme II complexes 
(Saier et a 'l ., 1977c). 
trace ( a) 
trace (b) 
trace (c) 
control 
Pi chase+ NaF 
Pi chase+ NaF + CCCP 
(a) 
(b) 
(c) 
t t t t t 
front marker 1 Pi a MG-6-P A C 
Fig.V.7. 
solvent front origin 
The Effect of NaF and CCCP on the Exchange of 
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Fig. V.8. Fractionation of Perchloric Acid 
Extracts on Dowex 
0.25 
140 
Perchloric acid extracts from "large scale 
preparations" were chromatographed on Dowex l-X8 
Hco 3 resin, using a linear KHC0 3 gradient (0-1.0 M). 
The procedure is described in detail in Methods. 
The emergence of peaks was followed by counting 
0 
I 
__. 
50 µl samples of the fractions for 32 P radioactivity. 
The fractionation shown is for DL-lactate-grown 
cells of strain AN710 given glucose as an energy 
source. 
170. 
Table V.3. Specific Activities for Column 
Fractions from Large Scale Preparations 
The specific activities of peaks A, Band C separated 
by column chromatography on Dowex-1 resin were 
measured as detailed in Methods. 
Carbon source 
( 2 0 rnM) 
AN710 DL-lactate 
AN710 DL-lactate 
AN710 DL-lactate 
AN710 DL-lactate 
Energy source 
( 20 mM) 
+ glucose 
+ DL-lactate 
+ L-lactate 
+ glycerol 
A 
B 
C 
A 
B 
C 
A 
B 
C 
A 
B 
C 
Specific Activity 
(cpm 32P/nmol Pi) 
90 
94 
74 
63 
83 
11 
22 
93 
10 
39 
54 
32 
171. 
The fractions A and C from various preparations 
were collected, desalted and concentrated. These were then 
chromatographed on cellulose plates using a solvent mixture 
of ethanol, formic acid and water (70:10:20), with 1% 
MgC1 2 to aid separation. All A fractions had similar Rf 
values, and ran a little ahead of the C fractions, all of 
which had similar mobilities (Fig. V.9a, b). 
7. The Effect of Exchange on Fractions A and C 
The movement of 32 P out of the two main fractions 
of esterified phosphate in response to the addition of 
excess unlabelled Pi and Asi was investigated (Fig. V.lOa, 
b, c). The acid-soluble 32P-labelled fractions extracted 
from cells of strain AN710 before and after such a chase 
were chromatographed on cellulose plates as described in 
Methods. The plates were scanned for radioactivity on a 
Nuclear Chicago Actigraph gas flow counter. The scans 
showed the loss of radioactivity from fractions A and C, and 
I from the Pi pool, caused by the sudden dilution of the 
specific activity of the external 32 P pool by the addition 
of a large excess of Pi or Asi. That this represented only 
a loss of intracellular label was established by developing 
the plates with phosphate reagent after alkaline phosphatase 
hydrolysis. 
8. The Identities of Fractions A and C 
Fraction A has been identified by Dr. Rosenberg 
as containing solely mannitol-1-phosphate. The identification 
of fraction Chas proved a more intractable problem. 
Chromatographically, this fraction ran as only one spot in 
the solvent system used, but enzymatic analyses revealed that 
it represented a mixture of phosphorylated glycolytic inter-
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Fig. V.9. Chromatography of Fractions A and C 
Fractions A and C from a variety of "large scale 
preparation" were concentrated and chromatographed on 
cellulose plates using a mixture of ethanol, formic 
acid and water (70:10:20) as described in Methods. 
After drying, the plates were sprayed as detailed in 
Methods. 
plate (a) Chromatography of Fractions A 
A1 DL-lactate-grown AN710 + glucose 
A2 DL-lactate-grown AN710 + DL-lactate 
A3 DL-lactate-grown AN710 + L-lactate 
A4 DL-lactate-grown AN710 + glycerol 
A mannitol-1-P standard is included 
plate (b) Chromatography of Fractions C 
Cl 
c2 
c3 
C4 
DL-lactate-grown AN710 + glucose 
DL-lactate-grown AN710 + DL-lactate 
DL-lactate-grown AN710 + L-lactate 
DL-lactate-grown AN710 + glycerol 
Standards of F-6-P and FDP are included. 
Both these standards (freshly prepared) 
show contamination by Pi and F-6-P + Pi 
respectively, presumably due to hydrolysis. 
The drawings are accurate traces of the plates. 
{a) 
I t t • 
' 
Al A2 MlP A3 A4 
173. 
solvent 
front 
origin 
@ 
I 
F6P 
(b) 
I 
' ' Cl C2 C3 
Fig.V.9. Chromatography of Fractions A and C 
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~ 
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C.4 G6P FDP 
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(a) 
(b) 
(c) 
t 1 t 
t t 
front marker Pi A C Mck marker 
solvent front 
origin 
Fig. V.10. 32 Chase of P from Cells by Phosphate and 
Arsenate , 
Cell suspensions (20 ml aliquots) of strain AN710 
grown overnight on lactate were allowed to take up 
50 µM 32 P (500 kBq/µmol) in the presence of 20 mM 
lactate as energy source. After 10 minutes, 20 mM 
NEM was added to one incubation (control). To the 
other incubations were added either 20 mM Na phosphate 
(Pi chase), or 20 mM Na arsenate (Asi chase), and NEM 
was then added after a further 3 minutes. All 
incubations were then treated similarly. The cel l s 
were centrifuged at 10,000 rpm, and the cell pellets 
extracted and chromatographed as for Fig. V.7. 
trace (a) 
trace (b) 
control 
Pi chase 
trace (c) Asi chase 
175. 
mediates. Moreover, the composition of this mixture was 
variable for each preparation, even from cells given the 
same substrates (Tab. V.4). Fraction C was shown to contain 
up to 3 mM FDP together with amounts of F-6-P, G-6-P, G-1-P 
and triose phosphates which varied from 1 mM to only trace 
quantities. This variable composition was not itself 
unexpected, and could be explained by variations in the 
flux through the glycolytic pathway. However the total Pi 
in any C fraction, as determined by ashing, was always about 
ten times higher than that which could be accounted for by 
the sum of the constituent glycolytic intermediates and any 
traces of Pi present. As yet, this has not been 
satisfactorily explained. The unaccounted-for Pi could not 
be attributed to pyrophosphate, as incubation of samples of 
fraction C with pyrophosphatase did not result in an increase 
in Pi in the samples (results not shown). 
The fraction C material could be precipitated 
with Ba 2+ in water alone at alkaline pH. A sample of the 
Ba2+ salt sent for preliminary analysis returned figures which 
indicated that compound C is a diphosphate compound 
containing 6 or 7 carbon atoms. The diphosphate formulation 
was supported by the results of the digestion of compound C 
with alkaline phosphatase. Chromatography of this digest on 
cellulose plates gave a spot corresponding to Pi, and two 
other phosphate-containing spots. If compound C was a 
diphosphate, XP 2 , and breakdown by phosphatase was incomplete, 
then these spots could be correlated with XP 2 , XP and Pi. 
176. 
Table V.4. The Composition of Fraction C 
The organic phosphates were assayed spectrofluoro-
metrically by the procedures detailed in Methods. 
The procedures for the determinations of inorganic 
phosphate and of total phosphate are also detailed 
Methods. Peak C fractions (off Dowex columns ) were 
collected, brought to neutral pH, concentrated and 
filtered before assaying. The results presented are 
from determinations made on four different fractions , 
all obtained from glucose-grown cells of strain AN710 
given lactate as an energy source. 
Compound 
Fructose-1,6-diphosphate 
Fructose-6-phosphate 
Glucose-6-phosphate 
Glucose-1-phosphate 
Triose phosphates 
Inorganic phosphate 
% of Total Phosphate 
1 3. 7 - 0.6 
4.4 - >0.1 
0.3 - >0.1 
0.3 - >0.1 
>0.1 
5.0 - 2.2 
The s pectro f luo r ometric a s says were carried out by 
Maria Kolbu c h - Braddon in the laboratory of Dr . M. J . 
Weidemann . 
177. 
9. A Search for Mannitol Inside and Outside 
E. coli cells 
The identification of fraction A as M-1-P led to 
questions as to the nature of E. coli carbohydrate metabolism 
and, in particular, as to why the cell should use this 
compound as a possible Pi "reservoir". High concentrations 
of mannitol are found in some algae and many higher plants, 
where it serves as a reservoir of carbon nutrient and perhaps 
also as a form of stored reducing power (Blumenthal, 1976). 
No such reserve has been reported for E. coli. Chroma to-
graphic analysis of cell extracts of E. coli under a variety 
of conditions failed to show any but the most insignificant 
traces of free mannitol. It has previously been shown that 
no esterified phosphate is released from E. coli (see 
Section V.2), but the external medium of the cells was 
examined for the possible presence of free mannitol. No 
evidence of mannitol was found when cell suspensions were 
filtered and the concentrated filtrate desalted and run on 
silica TLC plates for hexitol visualization as described in 
Methods. 
10. Studies Using mtl Mutants 
The genes for the uptake and metabolism of 
mannitol in E. coli are clustered on one operon, at minute 
79.5. These comprise a regulatory gene (mtlC) specifically 
responding to mannitol as an inducer, the structural gene 
for the dehydrogenase specific for mannitol phosphate (mtlD), 
and a third gene (mtlA) coding for an Enzyme II complex of 
the phosphotransferase system (Lengeler, 1975a). 
178. 
(a) Pi uptake by mtl mutants under aerobic 
and anaerobic conditions. 
The uptake of Pi was examined for 
aerobically- and anaerobically-grown strains, grown with 
glucose as a carbon source, and comparisons were made 
between unstarved cells, and cells which had been starved 
of Pi in the presence of mannitol, for both growth situations 
(Tab. V.5). In unstarved cells, mannitol was a poor 
substrate for supporting Pi uptake, even in the mtlCc strains 
(Lin 238 and Lin 239). As expected, mannitol was unable to 
support any Pi uptake in strain Lin 236 (mtlA), which lacks 
mtl the Enzyme II complex of the PTS. The low rates of 
1 t d t k l·n the mtlCc t t t g ucose-suppor e up a e ___ mu ans are no 
understood, but may be due to some regulatory influence 
imposed upon the Enzyme II complex specific for glucose. 
When cells were starved in the presence of 
mannitol, induction of the uptake system for mannitol 
occurred, and this was reflected in the increased rates of 
mannitol-supported Pi uptake in strains Lin 11 (w.t. ) and 
Lin 238 C (mtlC ) . The inability of mannitol to support Pi 
uptake in the mtlD strain (Lin 239) could be attributed to 
the inability of these cells to further metabolize M-1-P. 
This makes mannitol unavailable as an energy source in 
these cells. 
(b) Analyses of organic fractions from mtl 
mutants. 
Large scale preparations were carried o u t on 
glucose-grown cells of strains Lin 236, Lin 2 38 and Lin 2 39 , 
using the procedure as detailed in Methods. Exami nation of 
l 
Table V.5. The Uptake of Phosphate by mtl Mutants Under Aerobic and Anaerobic 
Conditions 
The procedures used for the growth and preparation of cells, and for the assays of 32P uptake 
under both aerobic and anaerobic conditions were as given in Methods. All assays were carried out 
at pH 6.5 using the indicated energy sources at 20 mM, and were initiated by the addition of 32P to 
50 µM (500 kBq/µmol). The results are presented as the mean of 3 determinations, with the standard 
error of the mean, for all but the anaerobic uptakes by starved cells, where a single set of 
experiments only was done. 
(a) 
Lin 11 (wild type) 
Lin 236 (mtlA) 
Lin 238 (mtlCc) 
Lin 239 C (mtC, mtlD) 
(b) 
Lin 11 (wild type) 
Lin 236 (mtlA) 
Lin 238 (mtlCc) 
Lin 239 C (mtlC, mtlD) 
Pi Uptake (nmol/min/rng dry wt.) 
in air_ 
no energy + glucose 
source 
Glucose-grown cells 
+ 0.8 - 0.2 + 18.4 - 3.2 
+ 0.4 - 0.1 + 14.8 - 3.7 
+ 0.9 - 0.2 + 4.1 - 0.5 
+ 0.6 - 0.1 + 4.1 - 0.6 
+ mannitol 
+ 4.1 - 0.8 
+ 0.6 - 0.2 
+ 3.6 - 0.5 
+ 1.9 - 0.6 
no energy 
source 
0.6 
2.8 
1.1 
0.5 
under N2 
+ glucose + mannitol 
6.9 1.8 
6.3 0.7 
1.6 1.1 
1.3 0.8 
Glucose- rown cells, depleted of Pi in the presence of 20 mM mannitol 
+ 1.0 - 0.5 + 30.3 - 6.0 + 30.6 - 2.2 + 2.9 - 1.6 + 25.4 - 8.9 + 19.4 - 6.1 
+ 0.5 - 0.2 + 19.1 - 0.2 + 0.7 - 3.2 + 0.9 - 0.1 + 16.9 - 3.6 + 1.2 - 0.1 
+ 1.6 - 0.3 + 30.4 - 1.3 + 30.9 - 5.4 + 2.0 - 0.9 + 17.4 - 6.9 + 12.1 - 6.2 
+ 3.1 - 0.2 + 7.8 - 0.9 + 3.4 - 0.8 + 0.8 - 0.2 + 5.1 - 1.7 + 1.3 - 0.5 
I--' 
-i 
I..O 
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the column fractions showed a small but significant peak A 
for strain Lin 239 (mtlD) (Fig. V.11). This was an 
unexpected finding in view of the fact that mannitol-1-
phosphate dehydrogenase is required for the formation of 
M-1-P from F-6-P. When chromatographed on cellulose plates 
with an authenticated sample of M-1-P, this peak A was found 
to run identically (result not shown). The possibility 
exists that the mtlD mutation in strain Lin 239 is leaky, 
although this could not be inferred from the uptake results. 
(c) 14c uptake studies in mtl mutants. 
The uptake of hexitols can normally only be 
observed in suitably induced cells. Lengeler and Steinberger 
(1978) have reported that the transport system and catabolic 
pathways for mannitol have a high uninduced basal level in 
E. coli. 14 A comparison between strains of the uptake of C-
mannitol in uninduced cells revealed that this is probably 
true; the initial uptake rates for strains wild type with 
respect to mtlC were about 30% of the uptake rate in a 
mtlCc strain (Tab. V.6). The uptake rate for mannitol-
supported Pi uptake would support this hypothesis. In 
unstarved Lin 11, the rate is about 15 % of that in starved 
(induced) cells (Tab. V.5). 
11. Repression of Phosphate Exchange in Cells 
Grown on Glucose 
When cells of strain AN710 are grown on glucose 
as a carbon source, these cells do not show e xchange of the 
intracellular and extracellular Pi. It was thought tha t Pi 
exchange might be "repressed" by growth on glucose in a way 
similar to catabolite repression. Catabolite repr ession i s 
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B Lin 236 
A 
C 
50 70 80 90 100 110 120 130 
fraction no. 
B Lin 239 
C 
A 
50 70 80 90 100 110 120 130 
fraction no. 
Analysis of Perchloric Acid Extracts of 
mtl Mutants 
Perchloric acid extracts of "large scale preparations" 
from Lin mtl mutants were chromatographed on Dowex l-X8 
(HCO 3 ) resin using a linear KHCO 3 gradient (0-1.0 M) 
as described in Methods. 50 µ l aliquots of the 
f t · d f 32 d. . . t . t rac ions were counte or P ra ioactivity o moni or 
the emergence of peaks. Traces are shown for Lin 2 3 6 
(mtlA) and Lin 239 (mtlCc, mtlD). Lin 238 (mtlCc) 
gave a similar result to that obtained with Lin 236. 
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Table V.6. The Uptake of 14c-Mannitol 
by Uninduced Cells 
Cells were grown overnight on glycerol as a carbon 
source, and were prepared for uptake assays as 
detailed in Section II. Uptakes were carried out 
at pH 6.8 with 20 mM glycerol as energy source. 
The uptake reactions were initiated by the addition 
of 14c-mannitol to a final concentration of 10 µM 
( 7 5 0 kBq/ µmo l ) . 
Strain (genotype) 14 . 1 k C-Mannito Upta e 
(nmol/min/mg dry wt.) 
Lin 11 (wild type) 
Lin 2 3 6 (mtlA) 
Lin 238 (mtlCc) 
C Lin 239 (mtlC, mtlD) 
AN710 (phoT) 
KlO (pit) 
3.5 
1.1 
8.7 
2.2 
2.6 
1.7 
% Lin 238 Uptake 
(constitutive) 
40 
12 
100 
25 
30 
20 
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primarily due to lowered intracellular c-AMP levels, 
resulting from glucose-mediated inhibition of adenylate 
cyclase (Epstein et al., 1975). This inhibition requires 
interaction of glucose with the Enzyme IIglu of the PTS 
(Harwood et al.~ 1976). 
The exchange characteristics of AN710 grown on 
glucose as a carbon source in the presence of 2 mM c-AMP 
were therefore investigated (Tab. V.7). Growth in the 
presence of c-AMP caused a slight increase in Pi uptake 
rates. This could be correlated with the increase in o2 
consumption observed in such cells (Tab. V.8). The low 
levels of Pi exchange in glucose-grown cells were increased 
to levels approaching those for cells grown on lactate (ref. 
Tab. V.1) when 2 mM c-AMP was included in the growth medium. 
Cells carrying only the Pst system do not demonstrate exchange 
when grown in the presence of c-AMP (results not shown). 
12. Glucose Repression of Proline Exchange 
The question was posed as to whether the 
repression of exchange by glucose was confined only to Pi 
exchange, or was extended to other metabolites. To help 
answer this, the exchange of proline in cells of strain 
AN710 was investigated, using cells grown on several 
different substrates (Tab. V.9). These results s uggested 
that proline exchange was subject to repression b y glucose , 
and that this repression could be relieved by c-AMP . 
However the results are marginal, and are some way from 
providing substantial evidence towards this hypo t hes is . 
The levels of proline exchange were low in these ce l l s . Th i s 
may be due to protein synthesis, as the extent o f e xchange 
l 
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Table V.7. The Effect of c-AMP on 
Phosphate Exchange in Glucose-grown Cells 
Cells of strain AN710 were grown overnight on 20 rnM 
glucose as a carbon source, in the presence or absence 
of 2 rnM c-AMP. Cells were prepared for Pi uptake 
studies, which were carried out at pH 6.5, as described 
in Section II. Energy sources (20 rnM) were added 
as indicated. At 2 minutes after the initiation of 
uptake by the addition of 50 µM Pi (500 kBq/µmol), 
20 rnM Na phosphate (pH 6.5) was added, and the% exchange 
in the following 2 minutes was measured. The results 
presented are the means of 3 determinations, given 
with the standard errors of the mean. 
AN710 glucose-grown 
Energy Pi Uptake % Exchange 
source 
( 2 0 rnM) (nmol/min/ 2-4 . min 
mg dry wt.) 
1.4 + 1.0 13 + 10 none - -
lactate 2.8 + 1.5 15 + 4 - -
glucose 15.3 + 1.4 18 + 6 - -
Pi 
AN710 glucose+ 
c-AMP grown 
Uptake % Exchange 
(nmol/min/ 2-4 min 
mg dry wt.) 
5.6 + 0.8 68 + 4 - -
7.4 + 3.7 80 + 1 - -
20.5 + 7.8 52 + 4 - -
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Table V.8. Oxygen Consumption 
of Cells Grown with c-AMP 
The rate of consumption of oxygen of cells of 
strain AN710 grown on 20 mM glucose in the 
presence and absence of 2 mM c-AMP were measured 
as described in Methods. Glucose (20 mM) was 
added as an energy source. 
Cells grown on o2 Uptake Rates (nmol/min/mg dry wt.) 
glucose 
glucose+ c-AMP 
endogenous 
26.3 
86.7 
+ glucose 
61.6 
103.5 
6. glucose 
35.3 
16.8 
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Table V.9. The Effect of c-AMP on Praline Exchange 
Cells of strain AN710 were grown overnight on the 
carbon source indicated; c-AMP was added at a final 
concentration of 2 mM. The cell suspensions were 
prepared for praline uptake studies as detailed in 
Section II. Uptake was initiated by the addition of 
10 µM 14c-proline (750 kBq/µmol). At 4 minutes after the 
initiation of uptake, the label was chased with 5 mM 
unlabelled praline. Where indicated, chloramphenicol 
(CAP) (50 µg/ml final concentration) was added 5 minutes 
. h dd . . f 14 C 1 . 11 prior tote a 1t1on o -pro 1ne. A assays were 
at pH 6.5. The results presented are the mean of two 
determinations. 
b 14 1 · k Car on source Energy source C-Pro 1ne Upta e 
( 2 0 mM) ( 2 0 mM) (nmol/min/mg 
dry wt.) 
succinate succinate 6.6 
succinate 
DL-lactate 
glucose 
glucose+ 
c-AMP 
+ CAP 
glucose 
DL-lactate 
glucose 
glucose 
+ CAP 
glucose 
succinate 
5.8 
6.7 
6.9 
3.8 
3.0 
7.5 
10.2 
% Exchange 
4-10 min 
49 
60 
33 
44 
29 
36 
42 
48 
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was increased when these experiments were carried out in 
the presence of chloramphenicol. 
D. DISCUSSION 
Inorganic phosphate taken into the cells of E. coli 
is rapidly withdrawn from the intracellular pool and 
esterified. The extent of this esterification is very little 
dependent upon the energy source with which the cells are 
provided, and not at all upon either the Pi uptake system 
through which the Pi enters the cells, or the ability of 
the cells to facilitate Pi exchange across the membrane. 
The phosphate contained in the esterified phosphate fraction 
is immediately accessible to exchange through the intra-
cellular Pi pool, implying an intimate association between 
this fraction and the Pi pool, and a rapid turnover of the 
esterified fraction. This turnover is inhibited by NEM and 
by the combined action of NaF and CCCP. 
The role of K+ in Pi exchange cannot be readily 
ascertained from these experiments, but exchange does not 
have requirement for external K+. The results obtained . a in 
both this Section and in Section III would seem to indicate 
that + not linked to the of Pi/Pi K movements are process 
exchange. This may further indicate that the exchange of 
intracellular and extracellular Pi does not involve nett 
proton movement. + The movements of K out of the cell 
which can be induced by Na+ do not affect concomitant Pi 
movements and are not associated with Pi exchange. This 
is in fact the reverse action of the Na+/K+ antiport of 
Skulachev (1978), postulated in Section III to be responsibl e 
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for the Na+ stimulation of K+ uptake. 
A major part of the esterified phosphate exists in 
the cells as M-1-P. This was a rather surprising discovery 
in view of the fact that these cells were never presented 
with mannitol. The intracellular concentration of M-1-P is 
estimated to be as high as 20 rnM. The incorporation of 
labelled 32 P into other glycolytic intermediates has been 
measured. It is possible that the as yet unidentified 
diphosphate compound which forms the bulk of fraction C may be 
mannitol-1,6-diphosphate (MDP), although this has not been 
substantiated. This compound could be formed from M-1-P 
by further phosphorylation, but could also arise by 
reduction of FDP. The breakdown of MDP thus formed to M-1-P 
and Pi could account for the observed presence of M-1-P in a 
mtlD mutant. 
h · · f 32 . 1 h . 1 Te incorporation o Pinto M- -P as previous y 
been reported (Helle & Klungs¢yr, 1962). These workers have 
reported that under aerobic conditions, the amount of M-1-P 
isolated was only one-half that isolated from the 
anaerobically-incubated extracts, and the amount of FDP was 
only one-seventh. Some metabolic pathways in the 
Enterobacteriaceae have different enzymes for aerobic and 
anaerobic growth (Fraenkel & Vinopal, 1973). In this study 
the results obtained for the uptake of Pi under aerobic and 
anaerobic conditions are not so different as to imply a 
different mode of metabolism in these conditions. The 
accumulation of M-1-P was taken by Helle and Klungs¢yr to 
indicate that F-6-P is being used for the re-oxidation of 
reduced diphosphopyridine nucleotide formed in the triose 
! 
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phosphate dehydrogenase reaction. The activity of M-1-P 
dehydrogenase, the enzyme involved in this re-oxidation, 
requires one or more free sulfhydryl groups, and the enzyme 
is inhibited by NEM (Wolff & Kaplan, 1956). 
The cycle which is involved in the uptake and efflux 
of Pi consequently becomes considerably more complicated 
(Fig. V.12). The Pi which is taken into the cells through 
either of the two Pi uptake systems (and also the GlpT 
system) can be incorporated into ATP and into PEP. The PEP 
can be used to phosphorylate glucose and other substrates 
which enter the cell on the PTS. Phosphate also becomes 
incorporated into metabolic intermediates which can be 
formed from G-6-P by glycolysis, or from lactate and 
succinate by gluconeogenic pathways. 
The M-1-P in the cells is almost certainly formed from 
F-6-P. This reaction may have the added advantage of 
providing the cells with a means of regulating their redox 
state. There is no evidence for any large reservoir of 
mannitol in the cells, and no indication for the presence of 
ATP-dependent hexitol kinases in E . coli (Lengeler, 19 75b ) . 
The presence of an ATP-dependent mannitol kinase in E. coli 
Cr ooke s has been reported (Klungs¢yr, 1966). However to 
obtain a high specific activity of this kinase it was necessary 
to add a heat-stable factor. This could well have been PEP 
. th 2+ . d . or HPr, since e K, Mg requirement an pH optimum were m 
exactly as reported for the Enzyme II complex in E. coli K12 
(Solomon & Lin, 1972; Lengeler, 1975b). 
Similarly, no potent phosphatase activity s p ecif ic for 
hexitol phosphates is detectable in extracts of E. coli K12 
1 9 0. 
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Fig. V.12. Interaction of Phosphate and Carbohydrate 
Pathways in Escherichia coli 
This scheme (adapted from one by H. Rosenberg) 
outlines the proposed interaction between the 
phosphate and carbohydrate pathways. It includes 
the possible relationship to these pathways of MDP, 
should this compound be shown to be involved. The 
abbreviations used are as outlined in the Preface to 
this thesis. 
t 
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(Lengeler, 1975b). This begs the question of how the 
rapid exchange between M-1-P and free Pi is mediated. One 
possibility is that this involves the PTS, in particular the 
mtl Enzyme· II complex of this system. There is already 
evidence that specific Enzyme II complexes can catalyze 
"exchange group translocation", in which the phosphoryl 
group of intracellular hexose/hexitol phosphates is 
transferred to an incoming hexose or hexitol molecule, while 
the hexose or hexitol moiety of the phosphate complex is 
expelled (Postma & Roseman, 1976; Kornberg & Jones-Mortimer, 
1977; Saier et al., 1977a, b; Lengeler & Steinberger, 1978 ) . 
Some evidence to support this hypothesis, that Pi exchange 
out of esterified phosphate may involve the Enzyme II complex, 
is available from the present studies. 
Contrary to evidence presented by Haguenauer and Kepes 
(1971), the PTS Enzyme II complex is inhibited by NEM (Saier 
32 et al., 1977c). The exchange of P between esterified 
phosphate and intracellular Pi has also been demonstrated to 
be inhibited by NEM. The dephosphorylation of aMG-6-P, and 
the subsequent chase of aMG from the cells, has been clearly 
shown to involve the glucoside-specific Enzyme II complex 
(Lengeler, 1975b). The same conditions (NaF + CCCP) which 
inhibit this dephosphorylation (Haguenauer & Kepes, 1971; 
1972) also inhibit the dephosphorylation of labelled organic 
phosphates (of which M-1-P forms the bulk) when lactate . lS 
used as a substrate. The mechanism of action of NaF + CCCP 
is not known. There is some indication that NaF acts by 
potentiating the action of CCCP which alone has a small 
effect. This may involve an effect on adenylate cyclase, and 
i 
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consequently, c-AMP levels, but the evidence is tenuous. 
Peterkofsky and Gazdar (1979) have demonstrated the 
inhibition of adenylate cyclase by CCCP. 
Care must be taken when interpreting the effects of 
c-AMP in this system, as_ the effects of this cyclic 
nucleotide are multi-faceted. Cyclic-AMP plays a role in 
regulating the construction and operation of the E. coli 
membrane system (Ezzell & Dobrogosz, 1975), including the 
PTS itself (Peterkofsky & Gazdar, 1979). The inhibition of 
Pi exchange observed in cells grown on glucose may be 
mediated by the inhibition by this substrate of adenylate 
cyclase (Peterkofsky & Gazdar, 1975), and a consequent 
effect on the synthesis of the Enzyme IImtl complex. This 
can be overcome by growing the cells in the presence of 
c-AMP. 
The free mannitol which would be liberated during 
exchange would explain the high uninduced basal levels for 
the mtl enzymes reported by Lengeler and Steinberger (1978 ) 
and confirmed in this study. The inducer for these enzymes 
is the free hexitol, and not the hexitol phosphate, and 
induction is only possible from internalized hexito l 
(Lengeler & Steinberger, 1978). It is possible that some 
free mannitol may leak from the cells, as such leakage has 
been shown for glucose (Peterkofsky & Gazdar, 1979 ) and 
a.MG (Haguenauer & Kepes, 19 71) in E . coli , fructose in 
B . s ubt i lis (Delobbe et al .~ 1976) and glucose in S . aureus 
(Button et al .~ 1973). The exit of endogenously-produce d 
mannitol is suggested in the results of Solomon et al . (197 3) . 
The external mannitol could be immediately taken up via the 
---
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h 'f' mtl 1 . 1 d PTS, as t e speci ic Enzyme II comp ex is area y 
partially induced. There are no indications for any 
systems in E. coli able to transport free hexitols such as 
have been found in Klebsiella aerogenes (Lengeler, 1975b). 
The mannitol would thus spend only a transient time in the 
unphosphorylated state. 
Such a proposal in itself raises a number of questions. 
Foremost amongst these is the nature of the link between the 
Pit system and the PTS which is inherent in this theory. 
How could this be visualized in terms of the relationship 
mtl between the Pit carrier protein(s) and the Enzyme II 
complex? In the most extreme case, it could be proposed that 
the Pit system is incorporated into the PTS as an integral 
component. It was unfortunate that the mtl mutants used in 
this study were in a Kl0 (pit) background. Transduction of 
a mtlA lesion into a Pit strain would provide one tool 
towards answering some of these questions. 
J 
One point which has not yet been discussed is the 
mechanism of energy coupling to Pi efflux. It appears from 
the present results that a membrane PMF is not required, as 
Pi exchange still operates in the presence of CCCP and 
ionophores (Konings & Rosenberg, 1978; Section IV, this work), 
and the highest rates of exchange are obtained in the absence 
of an energy source and at alkaline pH values. Such 
observations do not rule out a requirement for ATP or 
another source of high energy phosphate such as PEP. If 
the Enzyme II complex is involved in Pi exchange, this protein 
may need to be present in the p hosphorylated state, even 
though energy may not be expended in the exchange process 
I' 
Ir 
1· r 
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( f th . t f the K+/K+ h f c e requiremen s or exc ange or a 
phosphorylated intermediate (Rhoads & Epstein, 1978)). 
In view of these proposals, it may simply be 
fortuitous that proline exchange in glucose-grown cells 
is repressed, and that this repression is relieved by c-AMP. 
However, if a universal requirement for exchange is a 
phosphorylated intermediate of some type, then these 
results may reflect the requirement of a specific protein 
kinase for activation by c-AMP, as reported for mammalian 
systems. The requirement of proline uptake for Pi reported 
in Section III may be correlated with this suggestion. The 
concentration of internal Pi may govern the levels of a 
necessary high energy phosphate compound such as PEP or ATP, 
or even the levels of c-AMP. 
195. 
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